Mitigating the deleterious effect of clay minerals on copper flotation by Wang, Yanhong
  
 
Mitigating the deleterious effect of clay minerals on copper flotation  
Yanhong Wang 
BEng and MEng in Chemical Engineering 
 
 
 
 
 
 
 
 
 
 
 
 
A thesis submitted for the degree of Doctor of Philosophy at 
The University of Queensland in 2016 
School of Chemical Engineering 
 
 
 
  
I 
 
Abstract 
Clay minerals have a deleterious effect on the mineral flotation process. Generally, two major 
phenomena are observed in industry when processing high clay ores: no froth formed on the 
top of the pulp phase and few valuable minerals loaded on the top of froth. This is an ARC 
Linkage project with support from Pionera, a reagent company manufacturing biopolymers. 
The objective of the project is to define the different effects of clay minerals on copper flotation, 
and then to mitigate the deleterious effects of specific clay minerals in copper flotation by 
biopolymers and other means. 
In this research, two types of clay minerals, swelling bentonite with a 2:1 structure and non-
swelling kaolinite Q38 with a 1:1 structure, were chosen to represent two typical kinds of clay 
minerals often seen in industrial flotation plants. The influence of bentonite and kaolinite on 
copper flotation was investigated. It was found that bentonite and kaolinite affected the copper 
flotation in a different way. Increasing the proportion of bentonite increased the pulp viscosity 
that reduced the amount of froth on the top of slurry and decreased flotation rate, resulting in a 
lower copper recovery. On the other hand, increasing the kaolinite content mainly decreased 
the copper grade by entrainment that is characterised by smaller bubble size and higher froth 
stability. The different roles of bentonite and kaolinite in the flotation were associated with 
their unique structure properties. Also, the collector and frother dosage plays an important role 
in specifying the different effect of bentonite and kaolinite on copper flotation performance. 
To mitigate the deleterious effect of kaolinite, three lignosulfonate biopolymers from Pionera, 
DP-1775, DP-1777 and DP-1778 with different structures, were examined. While rheological 
measurements indicated that these biopolymers dispersed the kaolinite aggregates, a beneficial 
effect of biopolymers on copper flotation in the presence of kaolinite was not observed. Instead, 
interactions of biopolymers with the frother appeared to enhance the froth stability and 
therefore further reduced copper grade by mechanical entrainment. Two-phase foam 
characterization revealed that the foam height increased in the blends of biopolymers with the 
frother. The dispersing and foaming abilities of biopolymers were governed by their structure 
features such as the content of functional groups, the molecular weight and counterions. 
The three biopolymers, DP-1775, DP-1777 and DP-1778, were also tested to reduce the 
negative effect of bentonite in copper flotation. Rheological measurements indicated that all of 
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the three biopolymers could not significantly reduce the pulp viscosity which was dictated by 
bentonite. This is consistent with the observation that none of the three biopolymers could 
enhance the copper recovery effectively. Electrolytes were then used to mitigate the deleterious 
effect of bentonite on copper flotation through reducing the high pulp viscosity. It was found 
that with Cl- or SO4
2− being an anion, Na+, K+, Mg2+ and Ca2+ cations had a different effect on 
pulp viscosity and copper flotation. At the same salt concentration, divalent cations, Mg2+ and 
Ca2+, were more effective than monovalent cations, Na+ and K+, in reducing bentonite viscosity 
and therefore increasing copper recovery. Compared with cations, there was little difference 
between anions, Cl- and SO4
2−, in reducing bentonite viscosity and improving copper recovery. 
Overall, the results of this thesis study clearly show that kaolinite and bentonite negatively 
affected copper flotation in a different way, due to their different structures. Thus, different 
solutions should be applied to deal with their negative effects. While salts have the potential to 
mitigate the deleterious effect of bentonite in copper flotation, biopolymers with new structures 
may be designed to mitigate the deleterious effects of both kaolinite and bentonite based on the 
thesis study.  
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Chapter 1          Introduction 
 
1.1 Statement of problem 
It is consensus that clay minerals have a deleterious effect on the mineral flotation process (Ndlovu 
et al., 2011a). At Telfer, a Newcrest plant in Western Australia, when a clay-copper-gold ore was 
floated at a normal solid density of about 30 wt.%, effective flotation was not possible and no froth 
formed on the top of the pulp phase. The pulp became a continuous gel-like substance with high 
viscosity. When diluting the pulp to a solid density of about 20 wt.%,  froth appeared but became 
very stable and did not flow easily or break down quickly in the concentrate launders. In this example, 
a correlation was observed between the reduced flotation performance and an increase in viscosity of 
the pulp. Another phenomenon observed in the industry is that few valuable minerals loaded on the 
top of froth in the flotation of clay ores, resulting in a lower flotation grade (Burdukova et al., 2008b; 
Ndlovu et al., 2011a).  
Currently, no reliable and effective ways are able to reduce the deleterious effects of clay minerals 
on copper and gold flotation. Many mining companies blend a small proportion of clay-bearing ores 
with “clean” ores to reduce their concentrations to a point where the negative impacts are minimal. 
However, within a few years these plants will have to process a significantly greater amount of clay-
bearing ores, with the depletion of high quality ores, which has become an important problem 
confronting the mining industry. 
Different mines are characterised by the presence of different clay minerals, and processing the high 
clay ores has raised different issues, as shown in Table 1.1. Kimberlite ores located in the vicinity of 
the South Africa-Zimbabwe border chiefly contain smectite and mica (Boshoff et al., 2007), which 
increased the viscosity of the suspension significantly (Burdukova et al., 2008a). The Chilean 
porphyry copper ores operated at Disputada plants contain mainly illite and chlorite as clay minerals 
which reduce the  flotation rate of copper in  all  cases  and  increase  copper losses  in  the  tailings 
(Bulatovic et al., 1998). A lower flotation recovery in treating nickel ores containing a high amount 
of serpentine group minerals has been encountered at Mt Keith in Western Australia, which was 
partially attributed to the complex rheological behaviour of this ore (Senior and Thomas, 2005). In 
coal mines, kaolinite and illite/smectite are the major clay minerals in high-clay-content coal mines 
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at Central Queensland in Australia. In the flotation of this type of ores, both combustible matter 
recovery and ash recovery are increased with a higher froth stability, compared with the low-clay-
content coal (Wang and Peng, 2014). On the other hand, bentonite, as the predominant clay mineral 
in Xstrata Coal Mines at Central Queensland, increased the froth viscosity and entrainment 
significantly by using saline water (Wang and Peng, 2013). The above results indicate that different 
clay minerals cause different problems in flotation.  
Table 1.1 Major clay minerals and issues in flotation of different deposits. 
Ore Location Clay minerals Issues References 
Kimberlite South Africa-Zimbabwe Smectite, Mica Viscosity 
Boshoff et al. (2007), 
Burdukova et al. (2008a)  
Copper Disputada plants, Chilean Illite, Chlorite Flotation rate Bulatovic et al. (1998)  
Nickel Mt Keith, Western Australia Serpentine Rheology 
Senior and Thomas 
(2005) 
Coal Central Queensland, Australia 
Kaolinite, 
Illite/Smectite 
Recovery, Froth 
stability 
Wang and Peng (2014)  
Coal Xstrata, Central Queensland Bentonite 
Froth viscosity, 
Entrainment 
Wang and Peng (2013)  
  
To improve copper and gold flotation in the presence of clay minerals, Newcrest’s Telfer Operation 
investigated the addition of small amounts of chemicals in the flotation process and their performance 
on copper-gold flotation in the presence of clay minerals (Seaman et al., 2012). Three polymers, 
Polyacrylate A, modified carboxylic acid and Pionera’s F-100 lignosulfonate-based biopolymer, were 
tested in the laboratory and all three showed positive results as indicated in Figure 1.1. Compared to 
the baseline flotation without the addition of any dispersant, all three dispersants significantly 
increased both copper grade and recovery. In particular, the lignosulfonate-based dispersant, F-100, 
increased the copper grade of the first concentrate from 2% to 4.5% while also achieving a higher 
recovery as shown in Error! Reference source not found.(a). Copper recovery was increased with 
all of the three dispersants, and, in particular, chalcocite recovery was increased from 50% to 90% 
with the addition of F-100 in Error! Reference source not found.(b). Gold grade and recovery were 
also improved with the addition of F-100 in the laboratory as well. However, it is not clear how these 
chemicals improve the flotation by mitigating the deleterious effect of clay minerals. 
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(a) (b) 
Figure 1.1 Laboratory results obtained by Newcrest flotation the flotation of a clay ore in the presence and 
absence of chemicals: (a) Copper Grade and Recovery (left) and (b) Chalcocite Recovery (right) (adapted from 
Seaman et al. (2012)). 
1.2 Research objectives 
This is an ARC Linkage project with support from Pionera, a reagent company manufacturing 
biopolymers. The objectives of the current PhD project are: 
 Identifying the deleterious effects of different clay minerals on copper flotation and specifying 
the corresponding mechanisms.  
 Mitigating the deleterious effects of specific clay minerals in copper flotation by biopolymers 
and other means and determining the underpinning mechanisms.  
1.3 Thesis outline 
The thesis is divided into 8 chapters to systematically investigate how to mitigate the deleterious 
effect of clay minerals in copper flotation. Figure 1.2 shows the structure of this thesis and the 
summary of research outcomes for each chapter. 
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Figure 1.2 The overall structure of the thesis. 
Chapter 1 states the issues confronted by industry when processing high clay ores. Accordingly, the 
objective of this research is to identify the problems specifically and propose corresponding solutions.  
Chapter 2 presents the critical review of the knowledge relevant to this thesis research. In line with 
the research objectives, this review is divided into two areas: (1) clay science; (2) flotation. The 
literature review provides an overall picture of the current status of studies in this area and pinpoints 
the gaps in knowledge and questions in the current research. 
Chapter 3 identifies the research gaps and research questions based on Chapter 2 and research 
objectives in Chapter 1. 
Chapter 4 presents the experimental details of this thesis study, including the description of materials, 
reagent and methodologies used in this study such as flotation procedures, rheology, froth image, 
froth/foam stability and dynamic surface tension measurements. 
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Chapter 5 identifies the problems in industry stated in Chapter 1. Two types of clay minerals, swelling 
bentonite with a 2:1 structure and non-swelling kaolinite Q38 with a 1:1 structure, were chosen in 
this study to represent two typical kinds of clay minerals in industrial mineral flotation. The objective 
of this study is to evaluate the deleterious effects of different clay minerals on copper flotation and 
specify the underpinning mechanism. The influence of bentonite and kaolinite on copper flotation 
was investigated by studying how the two clay minerals modified properties of both slurry and froth 
and caused various issues. The research described in this chapter was published in Applied Clay 
Science (Wang et al., 2015b). 
Chapter 6 applies three biopolymers, DP1775, DP1777 and DP1778 with different compositions as 
dispersants to mitigate the deleterious effect of kaolinite in copper flotation. It is expected that these 
biopolymers disperse kaolinite aggregates, and thus reduce the entrainment of kaolinite in flotation. 
The research described in this chapter was published in Minerals Engineering. 
Chapter 7 firstly applied the three biopolymers, DP1775, DP1777 and DP1778, to modify the network 
structure of bentonite and reduce the negative effect of bentonite in copper flotation. However, the 
results indicated that none of the three biopolymers could enhance the copper recovery effectively. 
Then, individual salt water was used to mitigate the deleterious effect of bentonite on copper flotation 
through reducing the high pulp viscosity. This part of study aims to further understand how individual 
electrolytes modify bentonite viscosity and affect copper flotation. The research described in this 
chapter was published in Minerals Engineering. 
Chapter 8 summarises the major contributions from this thesis research and recommendations for 
mitigating the deleterious effect of clay minerals in mineral flotation practice and future studies.  
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Chapter 2 Literature review 
 
Based on the problem in flotation and research objectives, a comprehensive literature review was 
conducted to outline the current studies on the classification of clay minerals and their properties, the 
effect of clay minerals on flotation and current approaches to modify the behaviour of clay minerals 
from both clay science and flotation. This review is therefore divided into two areas: (1) Clay science; 
(2) Flotation.  
2.1 Clay science  
2.1.1 Clay minerals and their structures 
Clay minerals are phyllosilicate minerals which impart plasticity with fine sizes less than 2 µm (Theng, 
2012). The structural framework of clay minerals is basically composed of layers comprising silica 
tetrahedral (T) sheets and alumina octahedral (O) sheets joining together in certain proportions. A 
tetrahedron consists of a central Si4+ cation coordinated to four oxygens, while in an octahedron the 
central Al3+ or Mg2+ cation is coordinated to six hydroxyls. A tetrahedral sheet is formed when 
individual tetrahedra are linked by sharing three edges. As a result, an open hexagonal network forms, 
with the basal oxygens becoming approximately coplanar and the apical oxygens pointing in the same 
direction. While in an octahedral sheet, individual octahedra are linked by sharing edges, as seen in 
Figure 2.1 (Grim, 1968). 
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Figure 2.1Top: (A) an alumina octahedron; (B) an alumina octahedral sheet. Bottom: (A) a silica tetrahedron in 
which the central silicon ion is coordinated to four oxygens; (B) a tetrahedral sheet formed by linking silica 
tetrahedra through corner-sharing (adapted from Grim (1968)). 
Two structural units are involved in the atomic lattices of most clay minerals. Condensation of one 
tetrahedral sheet with one octahedral sheet gives rise to a 1:1 (T–O) layer structure. In the 1:1 layer 
structure, one basal plane (surface) of the layer consists of oxygens from the tetrahedral sheet, while 
the other is made up of hydroxyls from the octahedral sheet (Figure 2.2). Kaolinite belongs to the 1:1 
structure with a general composition of Al2Si2O5(OH)4 (Theng, 2012).  
 
Figure 2.2 Schematic representation of a silica tetrahedral sheet condensing with an alumina octahedral sheet to 
form a 1:1-type layer structure (adapted from Theng (2012)). 
Condensation of one octahedral sheet through sandwich between two opposing tetrahedral sheets 
gives rise to a 2:1 (T-O-T)-type layer structure, where both basal planes of individual layers are 
composed of oxygens from the tetrahedral sheets (Figure 2.3). Smectite, illite, and talc are classified 
as 2:l  phyllosilicates (Theng, 2012). Montmorillonite  is  the  best  known  member  of  the  smectite  
group. When Na+ cations are exclusively in exchange with the montmorillonite surface, the clay is 
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known as Na+-montmorillonite. Na+-montmorillonite is otherwise known as bentonite 
Na0.33[(Al1.67Mg0.33)(O(OH))2(SiO2)4] (Luckham and Rossi, 1999). 
If isomorphous substitution happens, which is defined as part of Si4+ ions in tetrahedral positions are 
replaced by Al3+ ions, or Al3+ ions in octahedral sites are replaced by Mg2+ ions, the layer structure 
of clay minerals acquires a permanent negative charge. Generally, the basal surface carries a 
permanent negative charge due to the isomorphous substitution, which is essentially unaffected by 
variations in solution pH. Hydroxyl groups, located at broken edges, steps and related defects of clay 
minerals, are called “terminal OH groups”. These OH groups are under-coordinated and carry either 
a positive or negative charge depending on the type of metal ions and the pH of the ambient aqueous 
solution, as shown in Equations 2.1, 2.2 and 2.3 (Schoonheydt and Johnston, 2006). It has also been 
reported that at pH 4 the silanol groups are not protonated, and are considered as “free” silanols. As 
pH increases from 4 to 10, the edge charge becomes less positive or more negative. The pH value 
where the net surface charge is zero is referred to as the point of zero charge (p.z.c.). At pH values 
higher than the p.z.c of a mineral, the surface has a net negative charge and tends to disperse. Similarly, 
the edge surface will have a net positive charge when the ambient pH is lower than the p.z.c. The net 
layer charge, x, per formula unit (= half unit cell), ranges from 0 to 2 electron charges. 
 
 ≡Al—OH + H+ 
 
⇔ ≡ Al—O𝐇𝟐
+                                                                                                                     Equation 2.1 
 
≡Al—OH
 
⇔ ≡ Al—O- + H+                                                                                                                            Equation 2.2 
                                                                            
≡ 𝐒𝐢𝐎𝐇 
 
⇔ ≡ 𝐒𝐢𝐎- + H+                                                                                                                                   Equation 2.3  
To balance the negative charges due to isomorphous substitution, the exchangeable cations are 
located at the external basal surfaces or near the edges of kaolinite. For montmorillonite, the negative 
charge on basal faces is neutralized by an interlayer of exchangeable cations, such as Na+, K+, Ca2+ 
and Mg2+, to make it chemically stable, as shown in Figure 2.3 (Lagaly and Dékány, 2013).  
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Figure 2.3 The 2:1-type layer structure of montmorillonite (adapted from Theng (2012)). 
2.1.2 Swelling and aggregation behaviour of clay minerals in aqueous media 
2.1.2.1 Swelling  
Kaolinite shows no interlayer expansion swelling in water because the contiguous layers within a 
particle are strongly held together by Al-OH…O-Si- hydrogen bonding,  supplemented  by  dipole-
dipole  and  van  der  Waals  interactions (Theng, 2012).  
Montmorillonite can expand in water, making its extensive interlayer surface area accessible to a 
wide range and variety of guest molecules. In aqueous solution with negligible ions, water molecules 
are able to penetrate into interlayer space and the exchangeable cations in the interlayer space tend to 
hydrate, which forces the clay layers apart in a series of discrete steps, resulting in the clay swelling 
(Müller-Vonmoos and Løken, 1989). The swelling is affected by the nature of the exchangeable 
cation in the interlayer space, the layer charge and the particle size. Generally, the swelling behaviour 
can be divided into two types: intra-crystalline swelling with a limited amount of adsorbed water, and 
osmotic swelling related to unlimited adsorption of water due to the difference between ion 
concentrations close to the clay surface and in the pore water. The crystalline swelling is caused by 
the hydration of exchangeable cations (K+, Na+, Ca2+ and Mg2+) between montmorillonite unit layers. 
After the adsorption of maximum number of hydrates, surface hydration becomes less signiﬁcant and 
osmotic swelling becomes the governing swelling mechanism. 
10 
 
When monovalent cations such as Na+ are predominant in the interlayer region, montmorillonite 
particles undergo both crystalline and osmotic swell during hydration, which maximizes the bound 
water fraction. Montmorillonite saturated with small alkali ions Li+, Na+ may intercalate up to four 
water sheets, giving rise to a series of basal or d(001) spacings from ~0.95 nm for the fully collapsed 
state to ~2.25 nm for the fully expanded form. Under optimal conditions, fully swollen 
montmorillonite can take up to 10 times its weight and increase its volume by 20 times, with the 
interlayer spacing increasing to 130 nm, leading to a gel of the suspension (Norrish, 1954). The 
fixation of K+ in the interlayers of 2:1 phyllosilicates has been treated differently. When the 
exchangeable cations are K+ ions, a single hydration layer forms, with d(001) 1.5 nm or less in water. 
Boek et al. (1995) even found that in the presence of water, K+ ions are reluctant to form a full 
hydration shell, compared with Na+. Liu and Lu (2006a) further revealed that K+ ions are all fixed in 
a cage-like coordination structure composed of surface oxygen atoms and water molecules. The 
fixation effectively screens the negative charges of the clay sheets so that further swelling is inhibited, 
just as neutral clay minerals.  
In contrast, when polyvalent cations (e.g., Ca2+ and Mg2+) are predominant in the interlayer region, 
montmorillonite particles only undergo crystalline swell during hydration. The basal spacing does not 
exceed 1.9 nm, even in distilled water. Norris et al. (1993) found that in the presence of Ca2+ ions, 
the four-layer hydrate of montmorillonite persists over a wide range of concentrations. Mg2+ ions 
reside at the mid-plane of the interlayer space. Non-solvating water molecules move freely on planes 
above and below the mid-plane.  
2.1.2.2 Aggregation  
When the volume of water in the clay suspension is large, the suspension becomes a dilute sol in 
which the particles are kept apart mainly through thermal motion, due to the interaction of the diffuse 
double layer. In relatively concentrated suspensions or gels, clay particles may associate by face-to-
face (FF), edge-to-face (EF) and edge-to-edge (EE) interactions (Figure 2.4), according to their 
relative positions and the relative magnitude of their surface and edge potentials (Luckham and Rossi, 
1999). The electrical interaction energy for the three types of association is governed by three 
different combinations of the two double layers (Baik and Lee, 2010; Luckham and Rossi, 1999).  
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Figure 2.4 Modes of particle association in clay suspensions: (a) dispersed, (b) face-to-face (FF), (c) edge-to-face 
(EF), and (d) edge-to-edge (EE) (adapted from Luckham and Rossi (1999)). 
For kaolinite, it has been accepted that the silica tetrahedral face is negatively charged at pH > 4, 
whereas the alumina octahedral face is positively charged at pH < 6, and negatively charged at pH > 
8, whereas the edge surface carries a positive or negative charge depending on the pH of the system 
(Gupta and Miller, 2010). Consequently, Gupta et al. (2011) found that the silica face-alumina face 
interaction is dominant for kaolinite particle aggregation at low pH. This FF association increases the 
stacking of kaolinite layers, and thereby promotes the EF (edge-silica face and edge-alumina face) 
and FF (silica face-alumina face) associations with increasing pH (Figure 2.5). At higher pH 
conditions, the cryo-SEM images of the kaolinite aggregates reveal a lower degree of consolidation 
and the EE association is evident (Gupta et al., 2011). 
 
Figure 2.5 The  formation  of  aggregate  structures  in  kaolinite  suspensions,  as  (a)dispersed, (b)FF, (c) EF, (d) 
EE, and (e) a combination of (b), (c) and (d), depending on the solution chemistry of the suspension (adapted 
from Gupta et al. (2011)). 
For bentonite, a card-house network is formed by E(+)F(−) interaction in the acidic pH regime, and 
a  band-like  network  structure  is  formed  by  mediated F(−)F(−) interactions in the alkaline pH  
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region as illustrated in Figure 2.6 (Lagaly, 1989). At solid contents above 3.5 wt.%, the sodium 
montmorillonite formed stiff gels (Abend and Lagaly, 2000).   
 
Figure 2.6 Cartoon of bentonite microstructures (adapted from Lagaly (1989)).  
2.1.3 Rheological behaviour of the clay aggregates 
Rheology is a science of deformation and flow of materials. In the slurry, high concentrated particles 
tend to aggregate or flocculate, which will immobilize the suspending medium, leading to the 
development of yield stress, which is defined as the minimum applied stress required to initiate flow 
in a particulate system. In other words, the yield stress is a macroscopic manifestation of the shear 
strength of inter-particle forces in a particulate network (Nasser and James, 2007). Therefore it is an 
indication of the complexity of the structures that are formed in solutions. Viscosity is defined as the 
ratio of shear stress to shear rate, and is an indication of the ease of ﬂow of the suspension upon the 
collapse of the complex structures.  
In general, suspensions can either exhibit Newtonian or non-Newtonian behaviour, with the latter 
including dilatant, plastic, pseudo-plastic and Bingham behaviours (Barnes, 1999). As shown in 
Figure 2.7, the viscosity is constant throughout the entire shear rate range for a Newtonian ﬂuid, while 
for non-Newtonian ﬂuids, this value changes as a function of shear rate (He et al., 2004; Klimpel, 
1999). Therefore, the viscosity of a non-Newtonian ﬂuid at any point is referred to as ‘apparent 
viscosity’. Mineral suspensions usually exhibit Bingham or pseudo-plastic behaviour, and the 
Bingham (Equation 2.4), Casson (Equation 2.5), and Herschel-Bulkley (Equation 2.6) models are 
often used to estimate viscosity and yield stress (Hunter, 2000). 
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Bingham model                          𝛕 = 𝝉𝒚 + 𝜼𝒑𝒍?̇?                                                                 Equation 2.4 
Casson model                             𝝉𝟏/𝟐 = 𝝉𝒚
𝟏/𝟐
+ (𝜼𝒑𝒍?̇?) 
𝟏/𝟐                                                Equation 2.5  
Herschel-Bulkley model            𝛕 = 𝝉𝒚 + 𝑲 (?̇?)
𝒏                                                             Equation 2.6  
where 𝜂𝑝𝑙 is the plastic viscosity (the slope of the shear stress/shear rate line above the yield point 
which represents the viscosity of a slurry when extrapolated to an inﬁnite shear rate), ?̇? is the shear 
rate, 𝜏𝑦is the yield stress, τ is the shear stress, K is the consistency index, and n is the flow behaviour 
index. 
 
Figure 2.7 Schematic diagram of shear rate as a function of shear stress for different fluids (adapted from He et 
al. (2004) and Klimpel (1999)). 
For suspensions containing smectites, the hydration of interlayer cations leads to an effective increase 
in the volumetric fraction of the suspension, which in turn results in a relatively high yield stress and 
a significant increase in viscosity (Burdukova et al., 2008a). It should be mentioned that suspensions 
with the similar viscosity do not always mean their yield stresses are also in the same case. When 
investigating the ﬂow behaviour of muscovite and vermiculite, the results show that the Bingham 
viscosities of vermiculite, muscovite and quartz are very similar, but significant difference exists in 
the yield behaviour, which stems mainly from the surface charge and inter-particle orientation of the 
edges and faces that occur in solutions (Ndlovu et al., 2011a). 
In general, the rheological behaviour of concentrated suspensions is strongly affected not only by 
solid loading, particle size distribution, surface charge distribution and particle morphology, but also 
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by particle-particle interactions which are dependent of chemical factors, i.e. pH and/or the addition 
of dispersing agents (Ndlovu et al., 2011a; Ndlovu et al., 2011b; Papo et al., 2002). The aggregate 
structure, dominated by the interactions between particles, plays a major part in the ﬂow behaviour 
of clay suspensions. As mentioned before, three different modes of particle association may occur, 
when a suspension of plate-like clay particles flocculate. EF and EE associations lead to three-
dimensional voluminous ‘house of cards’ structures which are rheologically complex and difﬁcult to 
handle (Ndlovu et al., 2011a). The gel structures build up slowly with time, as the particles orient 
themselves towards the position of minimum free energy under the influence of Brownian motion 
(Luckham and Rossi, 1999). FF association refers to the collapse of the diffuse double layers and the 
formation of aggregates of parallel platelets (tactoids) spaced 20 Ȧ or less apart. It decreases the gel 
strength with a lower yield stress because it reduces the number of units available to build gel 
structures and the surface available for particle interaction. The reverse for aggregation is known as 
dispersion in the absence of yield stress (Figure 2.8).  
 
Figure 2.8 Schematic illustrating the effect of pH on the Bingham yield stress with regards to the particle 
association in a layered clay mineral (adapted from Ndlovu et al. (2011a) and Rand and Melton (1977)). 
2.1.4 Modification of clay aggregates  
2.1.4.1 Salts  
The stability of the network structure or clay mineral particles is highly dependent on the ionic 
strength of the solution. Since the silicate layers of kaolinite particles are held together by hydrogen 
bonds and low chemical reactivity, kaolinite has a low chemical reactivity. Recently, Zhang et al. 
(2015b) observed the pulp phase of flotation by Cryo-SEM and found that in tap water kaolinite 
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platelets associated mainly in the mode of EE as elongated strings and the resulting clumps were not 
closely linked with each other, while in the case of sea water a cross-linked three-dimensional  FF 
oriented aggregates was built up through EE and EF linkages to produce high porosity, as shown in 
Figure 2.9.  
 
Figure 2.9 Cryo-SEM images of pulp in the presence of 15 wt.% kaolinite at the magniﬁcation of 4000× in tap 
water (A) and sea water (B). 
For montmorillonite, in the absence of salts or at very low salt concentrations, the diffuse ionic layers 
around the silicate layers restrict the translational and rotational motion of these units at a high particle 
concentration, resulting in the presence of yield stress and an increase in viscosity. The addition of 
salts reduces the thickness of the diffuse ionic layer and increases the freedom of the particles (Figure 
2.10), resulting in a decrease in viscosity. At high salt concentrations, the adsorption of cations also 
screen the attractive E(+)-F(-) interactions and disrupt the network structure, leading to a net repulsive 
FF association with a lower yield stress (Lagaly and Ziesmer, 2003).           
 
Figure 2.10 When the thickness of the diffuse ionic layers decreases at higher salt concentration, the particles 
again become more mobile (adapted from Permien and Lagaly (1994)). 
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Heller and Keren (2001) found that a free electrolyte clay suspension had a high apparent viscosity 
due to the EE association between Na-rich montmorillonite platelets, whereas FF associations 
prevailed at high NaC1 concentrations with a lower apparent viscosity. Suzuki et al. (2005) also found 
that the expansion ratio of bentonite aggregates decreased with NaCl concentration. The addition of 
calcium ions has a pronounced effect on the type of aggregation. Even small amounts of calcium ions 
participate in the lamellae and stacks of layers to promote band-like networks (Figure 2.11B). At 
large amounts of calcium ions, the bands contract to form small aggregates, and eventually particle-
like assemblages, and the network falls apart (Figure 2.11 C) (Permien and Lagaly, 1994). 
 
Figure 2.11 Aggregation of the clay mineral layers with increasing attraction: (A) single layers, (B) band-type 
aggregates, (C) compact particles (adapted from Permien and Lagaly (1994)). 
Meanwhile, when montmorillonite is contact with a solution containing another ion, the interlayer 
cations and in-solution cations are exchanged with each other. Cation exchange is an important factor 
inﬂuencing the clay-water interaction and cation exchange selectivity is one of the most important 
properties of 2:1 phyllosilicates. The capability of cation exchange is mainly controlled by the type, 
valence, charge density, size and concentration of cations (Herbert et al., 2008; Ho and Lee, 1998). 
Generally, the higher the valence, the higher is the replacing capacity of the cation. For cations with 
same valence, the replacing capacity increases with the size of cation. It has been studied the 
preference of montmorillonite for Ca2+ and Mg2+ over Na+, and for Ca2+ over Mg2+ (Fletcher et al., 
1984). Di Maio (1996) also found that the affinity of montmorillonite for Ca2+ and K+ is higher than 
for Na+. A typical order for cation exchanging capacity is: Na+< K+ <Mg2+ <Ca2+ (Pusch, 2001).  
Hence, for example, when Na-bentonite inﬁltrated with Ca2+ solutions, Na+ will be replaced by Ca2+, 
resulting in the transformation from the Na-bentonite to a Ca-bentonite (Chun-Ming et al., 2013). 
When Na+ ions are replaced by K+ and Cs+ ions, the attraction between the particles becomes stronger 
because these cations are more strongly adsorbed in the Stern layer (Liu and Lu, 2006b). Laird and 
Shang (1997) explained that layer collapse caused a substantial increase in selectivity for the weakly 
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hydrated cation K+. Mg2+ was found to be less effective than Ca2+ in preventing the breakdown of the 
packets (Shainberg et al., 1988).  
2.1.4.2 pH 
It was reported that kaolinite particles aggregate initially in a FF manner forming a lamellar tactoid 
structure at about pH 5, which resulted in a lower suspension shear-yield stress. As the pH rose to 6, 
the FF association grew to thicker edge surfaces, and thereby promoting the EF association. The 
maximum shear-yield stress corresponded to pH 5-5.5. As the pH was increased further, the FF and 
EF association decreased due to the lower magnitude of surface charge density on edge surfaces and 
face surfaces, leading to lower shear-yield stress. At high pH, strong repulsive forces existed in the 
EF and FF interaction. Consequently, the system became completely dispersed, with a negligible 
shear-yield stress (Gupta et al., 2011). The effect of pH on the viscosity of 35 wt.% kaolinite 
suspension was further studied. As shown in Figure 2.12, at both pH 3.4 and 8.3, the viscosity of 
kaolinite suspension showed a shear thinning behaviour. However, the viscosity of kaolinite 
suspension at pH 3.4 was significantly higher than that at pH 8.3, indicating that kaolinite suspension 
is highly aggregated at pH 3.4 and well dispersed at pH 8.3 (Zhang et al., 2012). 
 
Figure 2.12 Impact of pH on the viscosity of 35 wt.% kaolinite suspension. The inset is an expanded drawing of 
viscosity curve at pH 8.3 (adapted from Zhang et al. (2012)). 
For sodium montmorillonite (NaMt), when pH value below p.z.c. of edges, E(+)F(-) happens and 
form house-of-card aggregates because of the interaction between the positive edge charges with the 
negative surface charges (Figure 2.13). At pH approximately 6.5, above the p.z.c edges, coagulation 
of E(-)F(-) occurs at lower sodium salt concentrations, which can transform to a F(-)F(-) mode of 
interaction when the negative edge charge density is increased by the adsorption of multivalent anions. 
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E(-)E(-)association is favoured at high solid contents (>1%, w/w), because the strong repulsion 
between the faces forces the particles in parallel orientation (Lagaly and Ziesmer, 2003).  
 
Figure 2.13 The different modes of aggregation of coagulated clay mineral particles (adapted from Lagaly and 
Ziesmer (2003)). 
The aggregation behaviour of sodium montmorillonite suspensions has also been investigated as a 
function of pH, at constant ionic strength. It was found that FF interactions were virtually independent 
of pH, whereas EE interactions were most attractive at the p.z.c edges (pH~7). The EF interaction 
played the most significant role due to the strong attraction in the formation of “house-of-cards” gel 
structure proposed for concentrated clay suspensions in sufﬁciently high ionic strengths. Steady-state 
viscometry further agreed that the yield stress decreased up to an order of magnitude between pH 3 
and pH 7, with a much slower rate of decrease in the pH 7-11 (Duran et al., 2000). 
2.1.4.3 Polymers 
Polymer adsorption on clay minerals happens at both basal surface and edge surface of clay minerals 
(Lee et al., 1991), and modify the strength of the interparticle forces, resulting in different network 
structures of clay minerals with a change of rheological behaviour.  
(a) Polymeric dispersants 
Polymers can have a dispersive effect on suspended solids through adsorption on the particle surface 
and producing repulsive forces to prevent other particles from approaching close enough. There are 
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two principal mechanisms for the stabilization of particle dispersions: electrostatic stabilization and 
steric stabilization. 
Zhang et al. (2012) investigated the interactions between kaolinite clay particles and a comb-type 
polymer, polycarboxylate ether (PCE), in acidic and alkaline media. They found that at pH 3.4, 
kaolinite clay particles could self-aggregate through the electrostatic attraction between negatively 
charged clay basal planes and positively charged edge surfaces, and a low dosage of PCE brought 
small aggregates together through the hydrogen bonding between PCE side chains and clay surfaces 
(Figure 2.14a). With increasing the dosage of PCE, PCE molecules fully covered the self-aggregated 
clay particles (Figure 2.14b) and induced strong steric repulsion between these aggregates. At pH 8.3, 
where kaolinite suspension was well-dispersed, low dosage of PCE molecules were able to bind 
particles together and form strong network through hydrogen bonding between PCE molecules and 
particle surfaces (Figure 2.14c). At high PCE dosages, the PCE molecules fully cover the clay particle 
surfaces, inducing strong steric repulsive forces among the particles as shown in the schematic of 
Figure 2.14d.  
 
Figure 2.14 Illustrations on the interactions between kaolinite particles and PCE molecules at acidic (pH = 3.4) 
(a) and (b), and alkaline condition (pH = 8.3) (c) and (d): (a) and (c) low PCE dosage; (b) and (d) high PCE 
dosage (adapted from Zhang et al. (2012)). 
There have been reports of polymers responsible for the reduction of yield stress by transforming the 
structure of clay aggregates. Goh et al. (2011) studied the effects of polyphosphate on yield stress-
20 
 
pH behaviour of a bentonite slurry. It was found that polyphosphate reduces the strength of the 
attractive force between clay particles as indicated by the much smaller yield stress, causing the slurry 
to become completely dispersed at pH greater than 6. The results suggested that at lower pH value, 
strong attractive interaction between the negative edge and positive face and high particle density 
forms a strong card-house structure. The adsorbed polyphosphate formed an electrosteric barrier at 
the particle edge weakening the card-house structure. At pH above 6, the phosphate additives located 
at the junction of the edge-face could act as a steric layer keeping the F(-)F(-) interacting particles 
further apart and reducing the strength of the attractive forces. When the FF separation is too far apart, 
the cation-mediated FF attraction could become too weak to form a network structure 
The influence of a negatively charged grafted block copolymer (CTP) onto the threshold stress value 
of illite and kaolinite dispersions was investigated in a strongly alkaline environment by Konan et al. 
(Konan et al., 2008). It was found that as the amount of CTP into the dispersion increases, the 
threshold stress values decrease for both clay minerals, with a more pronounced effect for kaolinite 
than for illite. It was also confirmed that steric stabilization is the main dispersion mechanism (Konan 
et al., 2008). 
Papo et al. (2002) investigated the effect of sodium polyphosphate (PP) and tripolyphosphate (TPP) 
as dispersing agents on the rheological behaviour of kaolin suspensions. The results indicated that 
increasing amounts of both dispersants to the pure kaolin suspension resulted in a gradual decay in 
viscosity, as can be seen in Figure 2.15. A further addition of dispersant above the adsorption 
saturation limit led to excess concentration in the solution, which caused destabilization, ﬂocculation 
and viscosity increase due to suspension coagulation for high dispersant concentrations. The 
minimum viscosity value was found at 0.5-0.7 wt.% in correspondence to PP dispersant concentration, 
and 0.3-0.4 wt.% for TPP. The study also revealed that the more addition of the polyphosphate caused 
a shear-thickening behaviour. This was explained in terms of PP chain interactions where the non-
adsorbed segments of PP molecules extending towards the water solution interact with each other. 
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Figure 2.15 Apparent viscosity versus deﬂocculant concentration as function of the dispersant nature (?̇?=500 s-1) 
(adapted from Papo et al. (2002)). 
 (b) Polymeric flocculants 
Polymers also act as flocculants to induce clay aggregates by bridging of particles and charge 
neutralization. Birdwood kaolinite from South Australia, for example, gels at low solid loadings (4 
wt.%) in aqueous suspension. SEM observation of this kaolinite in aqueous suspensions showed that 
this gel structure was composed of individual kaolinite platelets connected by EE, forming an 
expanded cellular network, where the particle basal faces seemed to repeal each other (Figure 2.16a). 
After adding a cationic surfactant, cetyltrimethylammonium bromide (CTAB), negatively charged 
basal planes of Birdwood kaolinite were reduced significantly, allowing particles to form compact 
aggregates with particle orientation EF and FF kept together (Figure 2.16b). Such large and compact 
aggregates without support of the three-dimensional network could freely settle (Zbik, 2006).  
The flocculation and solid/liquid separation of well-characterized kaolinites have further been studied 
by Du et al. (2010). It was found that the well-crystallized Snobrite, which has higher Hinckley 
indices and lower aspect ratios, had relatively smooth flat basal surfaces and thicker edge planes. 
Adding anionic polyacrylamide copolymer FLOPAM AN-910 powder, promoted effective bridging 
by AN-910, forming generally E-E aggregate structures. Poorly crystallized Q38, on the other hand, 
had lower Hinckley indices and higher aspect ratios with ragged, stepped basal surfaces and a high 
proportion of attached nanosized islands, forming cascade-like step complex basal surface structures 
with edge sites contributing up to 30% of the specific surface area. These complex stepped structures 
on the basal surface generated more hydroxyl groups, providing more adsorption sites at the basal 
surface for bridging flocculation. As a result, the flocculant polymer AN-910 adsorbed to both basal 
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and edge planes, producing low-density E-E and E-F card house structure and strong particle-particle 
binding during flocculation (Du et al., 2010). 
  
(a) (b) 
Figure 2.16 SEM micrographs of the Birdwood kaolinite in dilute aqueous suspension: (a) without treatment, (b) 
with CTAB-treated (adapted from Zbik (2006)). 
The structures of clay minerals flocculated by polymers show much greater mechanical resistance 
against ﬂowing (Tunc et al., 2008). Nasser and James (2007) studied the inﬂuence of cationic and 
anionic polyacrylamides (PAM) on the ﬂoc size, compressive yield stress, and rheological behaviour 
of kaolinite suspensions at pH 7. The results revealed that the magnitude of the compressive yield 
stress, yield stress, critical stress, elastic and viscous modulus were strongly dependent upon the ﬂoc 
structure; with greater values being observed for the cationic PAM than for the anionic PAM. Cationic 
polymer chains adsorbed via hydrogen bonding interactions and charge neutralization, and these 
electrostatic attractions produced strong and less compressible ﬂoc structures. For anionic PAM, 
however, although the adsorption was still via hydrogen bonding, the repulsive forces between the 
polymer and kaolinite surfaces allowed the polymer molecules to be extended and produces loops 
and tails, which led to the formation of large open structure ﬂocs of less resistance to the compression 
load (Nasser and James, 2007). 
Tunc et al. (2008) studied the rheological properties of sepiolite suspensions in the presence of 
different molecular weights and concentrations of three polymers, poly(acrylic acid  sodium salt) 
(NaPA), polyacrylamide (PAA), and poly(ethylene glycol) (PEG). They found that the plastic 
viscosity values were not inﬂuenced signiﬁcantly by increasing the concentration of NaPA, which 
might be the reason that the electrostatic repulsions between the negative sepiolite particles and the 
negative NaPA polymers prevented larger flocs. The apparent viscosity values of the sepiolite 
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increased only with the increase in the concentration of the highest molecular of NaPA, possibly due 
to the formation of flocs via hydrogen bonding (Figure 2.17a). For non-ionic PAA and PEG, both the 
plastic viscosity and yield value of sepiolite suspensions varied little as a function of low molecular 
weight polymers, but enhanced with increasing molecular weight and concentration because of the 
sepiolite-polymer  interactions (Figure 2.17b and c) (Tunc et al., 2008). 
 
 
 
Figure 2.17 Plastic viscosity values of 2.0%  sepiolite/ NaPA, PAA and PEG  suspensions as a function of the 
concentration (C) (adapted from Tunc et al. (2008)). 
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2.2 Flotation 
Mineral flotation process is a combination of chemical and physical phenomena that govern the three-
phase (i.e. particles-air-water) flotation system (Bulatovic, 2007). In flotation process, slurry leaves 
the impeller/stator system in the form of ﬂuid ﬂow into the bulk cell where they ultimately decay into 
turbulence and circulate back to the impeller. Meanwhile, small bubbles are generated in the 
impeller/stator region and disperse throughout the ﬂotation cell by bulk ﬂuid ﬂow. During this process, 
collision between hydrophobic particles and bubbles cause attachment of the particles onto the 
bubbles, entering the froth phase (Ata et al., 2004). In the flotation of high clay ores, both froth and 
pulp phases affect the flotation performance.   
2.2.1 Effect of clay minerals on entrainment 
In mineral ﬂotation, entrainment occurs simultaneously along with true ﬂotation. Entrainment is a 
mechanical mass transfer process where particles suspended in water between bubbles enter the 
ﬂotation froth from the top of pulp region and are transferred to the concentrate (Wang et al., 2015a). 
Unlike true ﬂotation, mechanical entrainment is not chemically selective and it occurs without a direct 
attachment of particles to bubbles. Generally, two steps are essential in entrainment: mineral particles 
ascending upwards to the froth phase from the region just below the pulp/froth interface, and 
entrained particles in the froth being transferred to the concentrate launder with water. Figure 2.18 
shows the mass transfer throughout a ﬂotation cell, including  
(1) transportation of  valuable  mineral  particles  to  the  froth from the pulp by true ﬂotation; (2) 
transportation of valuable mineral particles to the concentrate from the froth by true ﬂotation; 
(3) transfer of mineral particles to the froth from the pulp by entrainment; 
(4) transfer of entrained mineral particles to the concentrate from the froth by entrainment; 
(5) transfer of mineral particles from the froth to the pulp due to the drainage of detached particles 
and entrained particles. 
Several factors including water recovery, pulp density, particle size, gas flow rate, rheology, froth 
structure etc. may affect entrainment, however, particle size and froth stability are predominant 
(Smith and Warren, 1989). It has been found that coarse particles drain more readily from the voids 
between bubbles than ﬁne particles. In addition, ﬁne particles are easily suspended in the water or the 
water ﬁlm surrounding the bubbles in the region below the pulp/froth interface. Hence, fine particles 
have more chances to travel up through the froth to the concentrate (Subrahmanyam and Forssberg, 
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1988). Generally, it is believed that mineral particles smaller than 50 µm are readily recovered by 
entrainment. Clay particles are often within the colloidal size domain which increases the probability 
of entrainment in the concentrate. 
 
Figure 2.18 Transportation of fully liberated mineral particles in a ﬂotation cell (adapted from (Wang et al., 
2015a)). 
Liu and Peng (2014) tested poorly crystallized kaolinite Q38 in flotation and found a near linear 
relationship between mass and water recovery in either tap water or saline water. Kaolinite was found 
to be reported to the flotation concentrate by entrainment. By using Cryo-SEM, Zhang et al. (2015b) 
identified that the entrainment of kaolinite in copper-gold flotation was due to the formation of loose 
kaolinite aggregates by edge-to-edge (E-E) associations in the pulp phase. Moreover, these aggregate 
structures were easily transported from pulp to froth phase owing to their low densities, which was 
also observed by Cruz et al. (2015), as shown in Figure 2.19. Obviously, the formation of kaolinite 
association structures imposes a detrimental effect on flotation grade.  
 
Figure 2.19 Cryo-SEM images showing the kaolinite particle aggregates in the flotation of ore–kaolinite mixture: 
(a) pulp phase; (b) froth phase (adapted from Cruz et al. (2015)). 
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Froth structure, as reflected by the froth stability and mobility, is one of the most important features 
in the visual evaluation of a froth (Moolman et al., 1996). According to this classiﬁcation, there are 
three types of froth: ideal froth, runny froth and sticky (viscous) froth (Moolman et al., 1995a). An 
ideal froth represents a balance between too low viscosity with high coalescence and too stable with 
low coalescence, and can be identified as closely packed bubbles with clear areas on top of some of 
the bubbles (Moolman et al., 1996). When the froth is not sufficiently stable, which is characterized 
by too high water content and smaller average bubble size, the mineralized bubbles rupture before 
they can be transported over the weir of the flotation cell and mineral particles already collected 
become detached and settle back into the pulp (Moolman et al., 1995b). Too high a mineral content 
is revealed in the surface froth by large bubbles with an excessive mineral loading, without the 
presence of little windows on top of the bubbles. The froth may therefore become too stable and 
viscous (Moolman et al., 1996).  
Froth stability refers to the rate of bubble coalescence and bubble bursting. It is known that froth with 
relatively low coalescence and small bubbles not only facilitates the recovery of attached particles, 
but also promotes the recovery of gangue minerals by entrainment (Wang and Peng, 2013). An 
increase in froth stability will also hinder the drainage rate of liquid in the froth phase and thus 
increase the recovery of suspended gangue mineral particles entrained to the concentrate (Farrokhpay, 
2011; Wang and Peng, 2014).  
2.2.2 Effect of clay minerals on flotation recovery 
In pulp phase, mineral slurries containing ﬁne particles at higher solid concentrations exhibit non-
Newtonian rheological behaviour that could adversely affect flotation performance when processing 
high-clay ores. Effective ﬁne particle ﬂotation requires a substantial dispersion state characterised by 
low viscosity. It is anticipated that the pulp rheology in the flotation of high clay ores will increasingly 
affect the performance of mechanical ﬂotation cells, as it impacts signiﬁcantly on cell hydrodynamics. 
The mobility of bubbles, particles and mineralized bubbles in the pulp phase can be affected by the 
change of viscosity.  
Merve Genc et al. (2012) investigated the rheological properties of the suspensions of serpentinised 
ultramaﬁc nickel sulphide ores containing chrysotile as gangue, and found that the grade of the 
ﬂotation concentrates clearly deteriorated when the Casson yield stress reached a certain value. Patra 
et al. (2012) observed that the pulp was increasingly viscous with the addition of fibrous minerals in 
the ore, which was proposed as a key underlying reason contributing to the poor flotation result 
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(Figure 2.20). It was found that the entanglement of fibrous minerals and the further formation of 
large network increased the pulp viscosity. Nevertheless, they also found that with an increase in 
yield stress of the pulp, the froth height, texture and consistency changed. Three froth zones were 
postulated in Figure 2.21: the froth phase height in zone I was similar for pulp without fibrous 
minerals, i.e., 2-3 cm; the froth in zone II was observed to be less shiny with less valuable minerals 
loaded with 1% of chrysotile fibers; the froth phase is absent in zone III with bursting of bubbles in 
the form of micro-volcanoes. It was because the smaller pore size of network formed by fibrous 
minerals hindered the percolation of bubbles though out the pulp, resulting in poor bubble dispersion. 
 
Figure 2.20 Copper recovery (filled symbols) and pulp yield stress values (empty symbols); chrysotile (◊), nylon 
(∆) and copper ore (---) without any ﬁbers (adapted from Patra et al. (2012)). 
 
Figure 2.21 Correlation between pulp yield stress values and froth height, texture and consistency. Texture 
(snapshot) of the three froth zones – I, II and III – are shown (adapted from (Patra et al., 2012)). 
In recent studies, Zhang and Peng (2015) also found a strong relationship between pulp rheology 
manipulated by kaolinite and bentonite, and copper and gold recovery. As shown in Figure 2.22, the 
presence of bentonite increased the yield stress of slurry significantly corresponding to the decreased 
copper and gold flotation recoveries. Kaolinite Snborite or Q38 only slightly affected pulp rheology, 
and copper and gold flotation recovery as well. This study also investigated the effect of the pulp 
28 
 
rheology promoted by clay minerals on the recovery of gangue minerals. With bentonite addition, the 
recovery of gangue minerals in particular clay minerals was increased and then decreased. Although 
kaolinite did not affect pulp rheology significantly, higher gangue recovery was observed. Settling 
tests and Cryo-SEM analysis revealed that it was the gelation and cross-linked network structures 
formed by bentonite that increased the pulp viscosity (Zhang et al., 2015a). The pore size of the 
bentonite network in tap water was estimated to be ~5 µm (Figure 2.23A), while typical bubble size 
in ﬂotation is 1-2 mm, which is larger than the pore size of the network. Therefore, the smaller pore 
size in the E-F network structure reduced the frequency of bubble-particle collisions and the mobility 
of bubble-particle aggregates, leading to a small amount of froth generated in flotation that reduced 
copper flotation recovery (Zhang et al., 2015a). Furthermore, they revealed that the deleterious effect 
of bentonite was mitigated in sea water, because sea water reduced the swelling capacity of bentonite 
and modiﬁed the network structures of bentonite to E-E and F-F associations with relatively looser 
and larger pore size (Figure 2.23B) in ﬂotation pulp, which was beneﬁcial for the movement of 
bubbles and bubble-particle aggregates, improving copper and gold  ﬂotation copper and gold 
recoveries (Zhang et al., 2015a). 
 
                                       (a)                                                                                        (b) 
Figure 2.22 Effect of clay minerals on copper (a) and gold (b) recovery (empty symbols) and pulp yield stress 
(filled symbols): Snborite (♦), Q38 (▲), Bentonite (■) (adapted from Zhang and Peng (2015)). 
 
 
29 
 
 
Figure 2.23 Cryo-SEM images of ﬂotation pulp of the clean ore in the presence of 10% bentonite in tap (A) and 
sea (B) water (adapted from Zhang et al. (2015a)). 
2.2.3 Role of polymers in flotation 
2.2.3.1 Dispersion 
It has been demonstrated in some studies and in industry practice that the application of polymers in 
the flotation process could impose a significant effect on final recovery and grade. Polymers could 
act as dispersants to reduce the apparent viscosity of the ﬂotation without any negative effect on the 
ﬂoatability of value mineral (Schubert, 2008). Schubert emphasized that the viscosity reduction of 
slurry directly increased the collision rate and thus improved the ﬂotation kinetics. Using tetrasodium 
pyrophosphate as a dispersant improved the ﬂotation kinetics and reached a higher concentrate quality 
(Schubert, 2008). 
Carboxymethyl cellulose (CMC) is an anionic polymer and commonly used to disperse slime particles 
of MgO type minerals from sulphide surfaces (Akther et al., 2008; Pugh, 1989). Some studies have 
been conducted to disperse serpentine coating from pentlandite surfaces in the flotation of Mt. Keith 
and other nickel ores from Western Australia by using CMC in fresh water (Peng and Seaman, 2011). 
It is well known that magnesium silicate bearing minerals, such as lizardite, could cause problems in 
the ﬂotation of nickel sulﬁde ores (e.g. pentlandite), by adhering to the valuable mineral particles. 
Because the lizardite mineral is positively charged at a great range of pH and the pentlandite particles 
are negative for pH values above 4.5. Adding CMC has been found to improve nickel recovery during 
ﬂotation (Figure 2.24) (Bremmell et al., 2005). It was proved that CMC adsorbed onto the slime 
particles to reverse their potential and then prevented the electrostatic attraction between pentlandite 
and lizardite. As the concentration of CMC was increased, the zeta potential of lizardite decreased in 
magnitude. At 0.004 g/L CMC, the zeta potential of lizardite became negative at all pH values 
measured (Bremmell et al., 2005). 
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Figure 2.24 Recovery  of  pentlandite  after  8 min  of  ﬂotation  as  a  function CMC  concentration (adapted 
from Bremmell et al. (2005)). 
Pluronic triblock copolymers, a type of non-ionic dispersants, were examined to disperse lizardite (a 
serpentine mineral) coating from pentlandite (a nickel mineral) in the flotation. They are effective in 
dispersing particles due to partially soluble but strongly adsorbed  "anchor" PPO blocks giving the 
required high copolymer coverage of the particles, and soluble, non-adsorbing “brush” like 
polyethylene oxides (PEO) blocks providing sterically repulsive forces between the particle-
copolymer (Flood et al., 2006). Peng (2012) found that two of the copolymers, F68 and L44, improved 
pentlandite flotation against lizardite, and one copolymer L121deteriorated the flotation in saline 
water, as shown in Figure 2.25. It might be possible that the first two copolymers with a higher 
solubility or HLB (hydrophile-lipophile balance) value produced more stable mineral suspensions 
and more stable froth in the flotation resulting in better nickel grade and recovery in flotation. The 
greater HLB value of F68 and L44 may have stronger solvent affinity and consequently the higher 
steric stabilization.  
 
Figure 2.25 Ni grade as a function of Ni recovery in the rougher flotation of the pentlandite lizardite mixture 
with and without the addition of F68, L44 or L121 (adapted from Peng (2012)). 
31 
 
2.2.3.2 Flocculation 
Polymers could also act as flocculants that may be able to bond the colloidal particles together to 
form loose flocs. Bridging and charge neutralisation are the commonly encountered mechanisms in 
the flocculation. Polymeric flocculants are supposed to selectively target on fine gangue particles, 
enlarge their sizes to some extent to reduce entrainment. It should be noted that in mineral flotation, 
things are different from that in thickening. In thickening, the larger flocs, the better efficiency. 
However, in flotation, too large the flocs may cause entrapment of value minerals, which is 
unfavourable for mineral flotation. The polymeric flocculants normally used in industry as dewatering 
aids are generally polyacrylamide (PAM) based. High molecular weight non-ionic polyethylene 
oxides (PEO) are also widely employed as flocculants. The chemical structures of PAM and PEO 
polymers are shown in Figure 2.26. 
                          
(a)                                                    (b) 
Figure 2.26 Structure of a Na-acrylate, carboxyl-substituted anionic polyacrylamide copolymer PAM (a) and 
non-ionic PEO (b) (adapted from Mpofu et al. (2003)). 
In the batch ﬂotation of artiﬁcial mixtures of chalcopyrite-quartz, PEO was tested to ﬂocculate and 
depress ﬁne quartz particles. The results indicated that the addition of low dosages of PEO improved 
value mineral recovery and concentrate grade during the flotation (Gong et al., 2010).  It can be seen 
from Figure 2.27 that the recovery-grade curves moved upward as PEO dosage was increased from 
0 to 100 g/t, indicating that the use of PEO improved the separation of chalcopyrite from the quartz-
chalcopyrite mixtures by reducing quartz entrainment. Nevertheless, aggregation/dispersion test 
results revealed that the PEO caused non-selective ﬂocculation of quartz and chalcopyrite, forming 
large hetero-aggregates (Figure 2.28a). Adding potassium amyl xanthate (KAX) caused the 
chalcopyrite particles to break away from the hetero-aggregates, leading to separate homo-aggregates 
of quartz and chalcopyrite (Figure 2.28b).  
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Figure 2.27 Recovery-grade relationship of the batch ﬂotation of synthetic chalcopyrite-quartz mixtures. 
Molecular weight of PEO is 1 million (adapted from Gong et al. (2010)). 
 
Figure 2.28 SEM images of suspension samples taken 15 min after the addition of PEO, (a) without KAX; (b) 
KAX added 3 min after PEO. Bright particles: chalcopyrite; gray particles: quartz. Molecular weight of PEO is 
8 million (adapted from Gong et al. (2010)). 
2.2.4 Lignosulfonate biopolymers and their applications in flotation 
Lignosulfonate, produced through the sulphite pulping process, is a by-product in the production of 
cellulose, pulp and paper (Yang et al., 2007). Lignosulfonate could exhibit good solubility in aqueous 
solution and possesses a certain degree of surface activity, thus it has been applied in many ﬁelds as 
a dispersant of concrete (Ouyang et al., 2009), coal-water slurry (Yang et al., 2007; Yang et al., 2006; 
Zhou et al., 2006), industrial binders (Chen and Wu, 1994) and flotation chemicals (Ma and Pawlik, 
2007). Although lignosulfonate is increasingly used today, only small percentages of lignosulfonate 
have been utilized in industry, and most of them are disposed as waste, causing environmental hazards. 
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Therefore, taking full advantage of lignosulfonate as a typical biopolymer, is important for both 
economic and environmental sides. 
It is generally accepted that the structure of lignosulfonate not only contains hydrophobic groups, 
such as aromatic and aliphatic groups, but also contains hydrophilic groups, such as sulfonic, carboxyl 
and phenolic hydroxyl groups. A typical structural unit of lignosulfonate is shown in Figure 2.29 
(Ouyang et al., 2006).  
 
Figure 2.29 Typical structural unit of lignosulfonate (adapted from (Ouyang et al., 2006)). 
As a polyelectrolyte, lignosulfonate is able to dissolve easily in water due to its hydrophilic groups, 
and its application and modiﬁcation reactions are mostly carried out in aqueous solutions. Yan et al. 
(2010) investigated the solution behaviour of puriﬁed sodium lignosulfonate (PSL) at different pH 
values. Fluorescence experiments showed that the critical aggregate concentration (CAC) of PSL was 
0.05 g/L. The acid-base titration indicated two end points of titration: pH 5.1 and pH 8.3. The ﬁrst 
end point of titration was attributed to the sulfonic groups and the second end point of titration to 
carboxyl groups. However, zeta IB-90Plus which was used to determine the surface potential revealed 
that at pH < 4, the zeta potential of PSL was decreased with the increase of pH, which is mainly 
caused by the ionization of sulfonic groups. The zeta potential of PSL was invariable with the increase 
of pH when the pH varied from 4 to 10, because the ionization of carboxyl groups had no attribution 
to the zeta potential of PSL. At pH >10, the ionization of phenolic hydroxyl groups caused the zeta 
potential of PSL decreasing as the pH value increased above 10. These results shown that the 
ionization of sulfonic groups and phenolic hydroxyl groups affect the zeta potential of the PSL, while 
the ionization of carboxyl groups does not change the zeta potential of PSL. 
From all of the above experiments combined with other results it was concluded that the surface of 
PSL molecules and PSL aggregates were mainly  covered  by  sulfonic  groups  as  well  as  a  few  
phenolic hydroxyl groups, and the carboxyl groups mainly locating in the core of PSL molecules and 
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aggregates, as shown in Figure 2.30a. As the pH value of solution increased, the cores of the PSL 
molecule and aggregate expanded because of electrostatic repulsion, and the hydrophobic chain of 
PSL stretches, which resulted in the reduced viscosity Figure 2.30b (Yan et al., 2010). 
 
(a)                   Monomeric state         Aggregate state         Framework of the hydrophobic bone   
 
(b)     the monomeric state of PSL molecules                    the aggregate state of PSL molecules 
 
Figure 2.30 (a) The schematic structures of PSL aggregate. (b) Schematic illustration of the effect of pH on the 
conﬁguration of the aggregate and monomeric states of the PSL aqueous solution (adapted from Yan et al. 
(2010)). 
Although lignosulfonate has been applied in industrial process, few reports have studied the 
conformation of lignosulfonate when it is functional. It has been found that sodium lignosulfonate 
(SL) with molecular weight ranging from 10,000 to 30,000 has both a higher adsorbed amount on the 
coal surface and exerts the best eﬀect on reducing the viscosity of the coal water slurry (Yang et al., 
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2007). As shown in Figure 2.31, the apparent viscosity decreases sharply upon an increase of the 
dispersant concentration of SL and different polydispersity fractions (Yang et al., 2007; Zhou et al., 
2006). 
 
Figure 2.31 Eﬀect of SL concentration on the viscosity of CWS (adapted from Yang et al. (2007) and Zhou et al. 
(2006)). 
In mineral flotation, Liu and Peng (2015) applied an anionic dispersant, lignosulfonate D748 to 
improve the ﬂotation of the problematic coal containing clay minerals in deionised water. It was found 
that the enhanced electrostatic repulsion induced by the small amount of lignosulfonate was 
responsible for the mitigation of the clay coatings on the coal surface. In industry, lignosulfonate 
polymeric dispersants have been used to reduce the negative impact of clay minerals in flotation. For 
instance, at Newcrest’s Telfer Operation, three polymers, Polyacrylate A, modified carboxylic acid 
and lignosulfonate-based F-100 biopolymer, were tested in the laboratory to mitigate the negative 
effects of clay minerals on copper-gold flotation. It was found that all three polymers showed positive 
results with F-100 biopolymer producing the greatest improvement in copper recovery and grade 
(Seaman et al., 2012). Wei et al. (2013) further studied the effect of F-100 on the ﬂotation of low and 
high clay ores obtained from Telfer. They found that the addition of F-100 in the ﬂotation of the high 
clay ore improved the ﬂotation recovery signiﬁcantly with a decrease in pulp viscosity (Figure 2.32). 
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Figure 2.32 Effect of F-100 addition on (a) the cumulative copper, gold and mass recovery (hollow points, with 
the presence of F-100; solid points, without the presence of F-100) (adapted from Wei et al. (2013)). 
2.3 Conclusion of literature review 
 Clay minerals are characterized by the negative charged basal surface and pH-dependent edge 
surface. Therefore, clay particles may associate by forming different network structures in 
relatively concentrated suspensions. In the presence of water the hydration of exchangeable 
cations in the interlayer of bentonite also results in swelling. Both aggregate structures and 
swelling property modify the rheological behaviour of concentrated clay suspensions. 
Rheology may adversely affect flotation separation by aggregate structures and high pulp 
viscosity. 
 Adding salts, polymers or adjusting pH can change the network structure and control the 
swelling of clay minerals with decreasing or increasing viscosity. 
 Clay minerals may adversely affect flotation performance through entrainment and reduction 
of valuable mineral recovery. 
 In mineral flotation, polymers can work as either dispersants or flocculants to improve the 
flotation performance by interacting with minerals. 
 Lignosulfonate, as a kind of biopolymer, shows a promising effect in mineral flotation in the 
presence of clay mineral and other industry processes. 
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Chapter 3     Research gaps and questions 
 
3.1 Research gaps 
Combining the problems encountered in industry and the objectives of this research project with 
literature review, the following three gaps have been identified and will be addressed in the current 
research.   
Research gap 1: The role of different clay minerals in flotation is needed to be further confirmed. 
There have been some studies about the deleterious effect of clay minerals in flotation. However, 
different mines are characterised by the presence of different clay minerals, such as kaolinite, illite, 
chlorite, smectite and serpentine. Processing the high clay ores has also raised different issues, like 
entrainment, rheology, recovery, grade, froth stability, etc. These results may confuse further 
investigation. In literature review, early studies indicated that the effects of bentonite and kaolinite 
on coal flotation had different results. In the flotation of high-clay-content coal with kaolinite and 
illite/smectite being the major clay minerals, both combustible matter recovery and ash recovery are 
increased with a higher froth stability (Wang and Peng, 2014). On the other hand, with bentonite as 
the predominant clay mineral in another coal mine, both froth viscosity and entrainment increased 
significantly (Wang and Peng, 2013). A recent study has established a strong relationship between 
pulp rheology and copper recovery: the higher the pulp viscosity, the lower was the copper recovery 
(Zhang and Peng, 2015). Another study found that the presence of kaolinite produced a much higher 
overall copper recovery by entrainment than that of bentonite (Cruz et al., 2015). The above results 
may lead to confusion for further study. For example, should a single clay mineral, like bentonite, is 
responsible for most of the issues in flotation, such as froth viscosity, entrainment, flotation recovery 
and so on? Or should all of clay minerals cause the same problem in flotation, like entrainment. 
Therefore, the role of different clay minerals in flotation needs to be further confirmed. Also, the 
relationship between typical clay minerals and flotation performance needs to be specified.   
Research gap 2: The role of polymers in modifying the network structures formed by clay 
minerals in mineral flotation has not been studied. 
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As reviewed in literature, from clay science, polymers have been used to modify the network 
structures formed by clay minerals and therefore adjust the rheology of clay mineral suspensions. 
However, all these studies were based on pure clay minerals without considering the nature of mineral 
flotation comprising of both valuable and gangue minerals with complicated chemical conditions. On 
the other hand, Pionera lignosulfonate biopolymers showed promising in mitigating the negative 
effect of clay minerals in copper and gold flotation. However, no study has been conducted whether 
this effect is linked with the modification of biopolymer on clay network structures. It is the key to 
use existing polymers or apply polymers to mitigate the negative effect of clay minerals in mineral 
flotation. 
Research gap 3: The effect of individual electrolytes on mitigating the deleterious effect of clay 
minerals in flotation has not been investigated. 
In clay science, bentonite suspension in tap water with negligible ions can easily gel due to the 
swelling property and the formation of network structures at a high concentration. In the previous 
study, it has been found that the deleterious effect of bentonite was mitigated in sea water, because 
sea water reduced the swelling capacity of bentonite and modiﬁed the network structures of bentonite 
in ﬂotation pulp, which contributed to the improvement of copper and gold recoveries (Zhang et al., 
2015a). The composition of seawater normally included Na+, K+, Mg2+, Ca2+, Cl- and SO4
2−. However, 
how individual salts modify bentonite viscosity and affect copper flotation needs to be further 
investigated. 
3.2 Research questions 
 Different mines are characterised by the presence of different clay minerals. Meanwhile, 
processing the high clay ores has raised various issues. What is the relationship between clay 
minerals and these issues in flotation? Under what circumstance do these issues happen? 
Should the different roles of clay minerals in flotation be associated with their unique structure 
properties? 
 How do lignosulfonate biopolymers mitigate the deleterious effects of clay minerals in 
flotation? Does this result through the modification of the rheology of clay minerals?  
 How do individual salts modify the pulp viscosity in the presence of bentonite and accordingly 
improve the flotation results? 
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3.3 Hypotheses 
 Bentonite and kaolinite have a different effect on mineral flotation, which is associated with 
their unique structure properties and rheological properties. 
 Lignosulfonate biopolymers mitigate the negative effects of clay minerals in flotation through 
modifying the rheology of flotation pulps. 
 Cations and anions reduce the pulp viscosity in the presence of bentonite and reduce the 
deleterious effect of bentonite on mineral flotation to various extents due to different 
interactions between the ions and bentonite. 
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Chapter 4         Experimental 
 
4.1 Introduction 
The experiments in this thesis were designed to investigate the deleterious effect of clay minerals on 
copper flotation. Telfer clean ore with a low content of clay minerals was used to provide copper, 
gold and other gangue minerals. Two types of clay minerals were added to the clean ore to investigate 
their negative effects on copper flotation. A swelling clay mineral, bentonite, and a non-swelling clay 
minerals, Q38 kaolinite, were chosen to represent a range of clay minerals occurring in industry clay 
ores. Following are the experimental details including materials, reagents and methodologies. 
4.2 Materials 
4.2.1 Minerals 
4.2.1.1 Clean ore  
A copper-gold ore with a minimum amount of clay minerals was supplied from the Telfer mine. This 
ore was referred to as “clean ore” and was used as a reference. The mineral composition of this ore 
was analysed by quantitative X-ray Diffraction (XRD) using Bruker D4 Endeavor diffractometer with 
Co Kα radiation (1.7903 Å) generated using 35 kV and 40 mA. The scan rate and step size were 1 
s/step and 0.02 °2θ, respectively. The diffraction patterns were acquired from 5 to 85 °2θ. Phase 
quantification was carried out using the DiffracPlus EVA software (Bruker) with the ICDD-PDF2 
database (International Center for Diffraction Data, 2000). Bruker-AXS’s TOPAS V4.2 software was 
then used to quantify each phase. Crystal structure information for all the minerals was obtained from 
the Bruker Structure Database. The analysis results in Table 4.1 indicate that the major valuable 
mineral is chalcopyrite, with pyrite, quartz, albite, muscovite, dolomite and other amorphous contents 
being the gangue minerals. Key element compositions of the ore are shown in Table 4.2. It can be 
seen that the copper originates from chalcopyrite. The ore does not contain secondary copper sulphide 
minerals, like chalcocite. A previous study investigated the effect of bentonite on the flotation of 
chalcopyrite and chalcocite. The recovery of chalcocite was significantly reduced in the presence of 
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bentonite due to the electrostatic attraction between chalcocite and bentonite, which promoted the 
bentonite slime coating. The chalcopyrite recovery was less affected by the presence of bentonite 
because of the electrostatic repulsion to bentonite (Peng and Zhao, 2011). Thus, clay minerals may 
not coat chalcopyrite surface in flotation due to electrostatic repulsion between them. 
Table 4.1 Mineral compositions of the clean ore analysed by XRD (wt. %). 
Quartz Albite Muscovite Dolomite Pyrite Chalcopyrite Amorphous 
27.7 35.2 6.8 8.4 2.9 1.4 17.5 
 
Table 4.2 Key element compositions of the clean ore (wt. %). 
Cu Au Al2O3 Bi CaO Cd Co Fe MgO Pb S SiO2 Tl Zn 
0.43 1.13(g/t) 10.3 0.019 5.04 0.004 0.007 2.98 2.2 0.01 2.04 63.4 0.048 0.027 
 
4.2.1.2 Kaolinite 
Kaolinite Q38 which is a poorly crystallised kaolinite with more complex surface structures and 
higher specific surface areas than the well crystallised counterparts (Du et al., 2010), was purchased 
from Sibelco Group, Australia. It contains 85% kaolinite with 4% quartz and 11% muscovite. 70% 
of the particles in the Q38 sample are smaller than 10 μm. Table 4.3 shows the key element 
compositions of kaolinite. Q38 belongs to The surface area of kaolinite is 26 m2/g. Hinckley 
crystallinity index (IH) derived from the XRD pattern is 0.5 (Plançon et al., 1988), which is close to 
the IH of the kaolinite in the clean ore (0.6). 
Table 4.3 Key element compositions of kaolinite (wt. %). 
Al2O3 BaO CaO Fe2O3 K2O MgO MnO Na2O P2O5 SO3 SiO2 SrO TiO2 
34.7 0.04 0.11 0.81 1.27 0.32 <0.01 0.14 0.06 0.04 49.26 0.01 1.06 
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4.2.1.3 Bentonite 
Sodium bentonite was purchased from Sibelco Group, Australia. It contains 63% montmorillonite, 
25% albite and 12% quartz. The particle size distribution of bentonite sample indicates that 70% of 
the particles are smaller than 10 μm. XRF shows the key element compositions of bentonite in Table 
4.4 
Table 4.4 Key element compositions of bentonite (wt. %). 
Na K Ca Mg Al BaO Cr2O3 Fe2O3 MnO P2O5 SO3 SiO2 SrO TiO2 
1.17 0.423 0.586 1.37 7.886 0.03 <0.01 2.63 0.01 0.03 0.04 71.43 0.01 0.4 
 
4.2.1 Reagents 
Potassium isoamyl xanthate (PAX) obtained from Orica, Australia Pty Ltd, was used as the collector. 
Frother DSF004 used at the Telfer plant, an aliphatic alcohol based mixture, was used as received in 
laboratory tests without further purification. The pH value of slurry in flotation was controlled by the 
addition of lime. Brisbane tap water with minor ion concentrations was used throughout the flotation 
process, because it did not have any negative effect on mineral flotation. The composition of Brisbane 
tap water is list in Table 4.5, as described elsewhere (Liu and Peng, 2014). Sodium chloride (NaCl), 
potassium chloride (KCl), magnesium chloride (MgCl2) and calcium chloride (CaCl2) of analytical 
grade were used to make saline water of different strengths. 
Table 4.5 The composition of the Brisbane tap water (mg/L). 
Na+ K+ Ca2+ Mg2+ Si4+ Cl- SO42- CO32- 
48.6 3.16 25.4 17.3 2.98 105 42.3 58 
The characteristics of the three commercial lignosulfonate biopolymers, supplied by Pionera, used in 
this study are listed in Table 4.6, with product numbers of DP-1775, DP-1777 and DP1778. DP-1775 
has the highest molecular weight, 8.7% carboxyl groups and 6.1% sulfonic groups, while DP-1777 
has a lower molecular weight with a higher content of functional groups, 9.5% carboxyl group and 
8.5 % sulfonic groups, compared with DP-1775. DP-1778 has the lowest molecular weight, the largest 
proportion of carboxylic groups, 14.5% and the smallest proportion of sulfonic groups 4.8 %. DP-
1775 and DP-1777 are sodium-based polyelectrolytes while DP-1778 is a calcium-based 
polyelectrolyte. 
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Table 4.6 Composition and molecular weight of lignosulfonate-based biopolymers. 
 Counterion Molecular weight Main function groups 
Mw Mn Sulfur (%) Carboxylic (%) 
DP-1775 Na+ 39000 2400 6.1 8.7 
DP-1777 Na+ 13700 2000 8.5 9.5 
DP-1778 Ca2+ 6000 800 4.8 14.5 
 
4.3 Methodology 
4.3.1 Mineral grinding and flotation 
The Telfer clean ore was crushed to a size of -2.36 mm using jaw and roll crushers. Then 1 kg crushed 
ore sample was ground in a laboratory rod mill with stainless steel rods at 66% solids to obtain an 
80% passing of 106 µm (P80 = 106 µm). The size distribution of ground slurries are shown in Figure 
4.1. The ground slurry was then transferred to a 2.5 L J.K. ﬂotation cell. The artificial clayey ore was 
prepared as described by Zhang and Peng (2015). Briefly, for each test a calculated amount of clean 
ore slurry was replaced by the same amount of a well-mixed bentonite or kaolinite sample to keep 
the slurry density constant in the same mass fraction. The solid content in the flotation cell was about 
30 wt. %. The different particle sizes were found to not contribute to viscosity results.  
 
Figure 4.1 The cumulative size distribution of ground clean ores. 
Lime has been used in industry to adjust the pH. The slurry pH was adjusted to 9.0, and then 
conditioned with or without the addition of any biopolymer for 3 min. Collector and frother were 
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added and the slurry was conditioned for another 3 min. The agitation speed during ﬂotation was kept 
at 1000 rpm. Flotation froth was scraped every 10 s. Four concentrates were collected after a 
cumulative time of 1, 3, 6 and 10 min with an air ﬂow rate of 3.0 L/min. After the first 3 min flotation, 
additional half amounts of collector and frother were added. 
Two set of collector and froth dosages were used in this thesis. One set chose 30 g/t collector and 15 
g/t frother in the firstly conditioning stage. After the first 3 min flotation, additional amounts of 15 
g/t collector and 8 g/t frother were added in the second conditioning stage. In other set of experiments, 
60 g/t collector and 30 g/t frother were added in the first conditioning stage, with additional half 
amounts of collector and frother adding in the second conditioning stage. 
Both sets of reagent dosage were used in Chapter 5 to investigate the different effects of bentonite 
and kaolinite in copper flotation. According to the results in Chapter 5, 60 g/t collector and 30 g/t 
frother were selected in Chapter 6 in mitigating the deleterious effect of kaolinite in copper flotation, 
whereas 30 g/t collector and 15 g/t frother were applied in Chapter 7 to reduce the negative effect of 
bentonite on copper flotation. 
4.3.2 Rheology measurements 
Rheology measurements were carried out by an Ares rheometer (TA Instruments Ltd., U.S.), with a 
42 mm diameter cup and 28 mm diameter vaned rotor geometry. Each time 40 mL slurry sample was 
poured into the cup and the rotor lowered until the gap between the rotor and the bottom of cup was 
4 mm. Rheograms were generated in the shearing rate ranging between 1 s-1 and 300 s-1 for 
logarithmically over a period of 60 seconds. Three duplicates were measured for each sample and the 
results were similar. During measurements, the temperature was maintained at 25 °C with an accuracy 
of ± 1 °C. 
4.3.3 Froth image and stability measurement 
When ﬂotation commenced, the froth was measured in-situ by using VisioFroth software. The camera 
was set up directly above the ﬂotation cell and connected to a laptop device. The camera recorded the 
froth stability every 5 s automatically with the software (Liu and Peng, 2014). The average froth 
stability values were calculated after each set of tests. At the same time, the froth image was recorded 
manually to observe the change of the amount of froth for each flotation test. The image capture area 
was 15.9 cm × 15.9 cm.  
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4.3.4 Foam characterisation 
Two-phase foam maximum height was selected as a parameter to characterise the foamability of 
frother, biopolymers and their mixtures using a modiﬁed Bikermann’s method (Awatey et al., 2013; 
Tan et al., 2005). A graduated foam column was used with a cross-sectional area of 100 cm2 and a 
motor driven agitator extending from the top towards the bottom. For each test 1.0 L well-mixed 
solution was poured into the foam column. The frother and biopolymer concentrations, as well as the 
pH were kept the same as in the ﬂotation experiments. The impeller speed was constant at 500 rpm. 
For each test, foam was generated by sparging air from the bottom of the column. The ﬂow rate of 
air was kept at 3.0 L/min for all the tests. At beginning of the test, the foam was allowed to rise until 
a maximum height (Hmax) was reached, the foam maximum height was recorded and the air flow was 
stopped.  
4.3.5 Dynamic surface tension 
A KRÜSS bubble pressure tensiometer BP50 was used to measure the dynamic surface tension of the 
solution of the frother, biopolymers, and their mixtures. Air was pumped into a gas reservoir and 
passed through a capillary to produce bubbles in the solutions. A sensitive pressure transducer was 
used to monitor the pressure in the bubble at the capillary tip, whilst a computer interface was 
connected to control and monitor the process. The stopped ﬂow mode, where the air supply to the 
system was terminated and bubble separation occurred due to the decrease in surface tension, was 
used to determine the dynamic surface tension between 10 and 500 s. DI water was used in this 
experiment to avoid possible interference of ions. 
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Chapter 5  The different effects of clay 
minerals on copper flotation 
 
5.1 Introduction 
As indicated in Chapter 1, new challenges have been confronted in the industry when processing high 
clay ores, either by no froth formed on the top of pulp phase or less valuable minerals attached in the 
froth phase. It is documented that different mines are characterised by the presence of different clay 
minerals, like smectite, illite, kaolinite, bentonite chlorite, serpentine, and processing the high clay 
ores has raised different issues, including rheology, froth stability, entrainment, flotation rate, 
recovery, etc., which may confuse further investigation. In coal mines, kaolinite and illite/smectite 
are the major clay minerals in high-clay-content coal mines at Central Queensland in Australia. In the 
flotation of this type of ores, both combustible matter recovery and ash recovery are increased with a 
higher froth stability, compared with the low-clay-content coal (Wang and Peng, 2014). On the other 
hand, bentonite, as the predominant clay mineral in Xstrata Coal Mines at Central Queensland, 
increased the froth viscosity and entrainment significantly by using saline water (Wang and Peng, 
2013). In a previous study by Zhang and Peng (2015), it was found that bentonite not only decreased 
the copper recovery by high pulp viscosity but also introduced significant entrainment that reduced 
the true flotation. Meanwhile, another study found that the presence of kaolinite produced a much 
higher overall copper recovery by entrainment than that of bentonite (Cruz et al., 2015). Clearly, the 
above researches illustrate the importance of pulp viscosity and entrainment on the efficiency and 
quality of the flotation process. However, it is still not clear how individual clay minerals play a role 
in mineral flotation. 
The aim of this study is to confirm the deleterious effects of different clay minerals on copper flotation 
and specify the relationship between typical clay minerals and flotation performance. As reviewed in 
Chapter 2, in clay science, clay minerals are phyllosilicate and non-phyllosilicate minerals comprising 
silica tetrahedral (T) sheets and octahedral (O) sheets joining together in certain proportions, based 
on which two structural units are classified for most clay minerals: 1:1 (T-O) and 2:1 (T-O-T) layer 
structures (Theng, 2012). In this study, two types of clay minerals, swelling bentonite with a 2:1 
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structure and non-swelling kaolinite Q38 with a 1:1 structure, were chosen to represent two typical 
kinds of clay minerals in industrial mineral flotation. The influence of bentonite and kaolinite on 
copper flotation was investigated by studying how the two clay minerals modified the properties of 
both slurry and froth and caused the different issues. 
5.2 Results and Discussions 
5.2.1 Effect of clay minerals on copper flotation 
The effects of various amounts of bentonite and kaolinite on copper flotation at the reagent dosage of 
30 g/t collector and 15 g/t frother are shown in Figure 5.1 (a) and (b), respectively. The reagent 
scheme is used in the industry plant. Flotation tests were performed with the Telfer clean ore as a 
laboratory baseline in the absence of clay samples. The presence of either bentonite or kaolinite 
depressed copper flotation, but they induce different effects in the flotation process. In Figure 5.1(a) 
an increase in the amount of bentonite does not affect the copper grade but it reduces the copper 
recovery, in particular in the first concentrate. As the proportion of bentonite increased from 0 to 20 
wt.%, the copper recovery in the first concentrate decreased from 76% to 25%. When the bentonite 
content increased to 25 wt.%, the flotation dynamic was completely hindered, with no froth generated 
on the top of pulp, which normally happens in industrial operations. 
In contrast to bentonite, increasing kaolinite content in Telfer clean ore slightly lowered the flotation 
recovery, but reduced the copper grade substantially. In Figure 5.1(b) with the increase of kaolinite 
in the ore from 0 to 25 wt.%, the copper grade decreased from 5% to 2.4% in the first concentrate. At 
the same time, the increase in kaolinite content from 0 to 25 wt.% in the ore just slightly depressed 
the copper recovery of the first concentrate, from 80% to 70%. 
 
(a)                                                                             (b) 
Figure 5.1 Cu grade as a function of Cu recovery in the flotation of Telfer clean ore in the absence and presence 
of clay minerals at different concentrations: (a) bentonite; (b) kaolinite. 
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5.2.2 Effect of clay minerals on flotation kinetics 
To have a better understanding of flotation kinetics, the following ﬁrst-order ﬂotation model was used 
to describe the flotation rate when processing Telfer clean ore doped with different percent of clay 
minerals: 
R = 𝑅𝑚𝑎𝑥(1 − 𝑒
−𝑘𝑡) 
where R (%) is the recovery at the cumulative time t (min); 𝑅𝑚𝑎𝑥 (%) is the ultimate copper recovery 
at inﬁnite ﬂotation time; k is the ﬂotation rate constant (min-1). The fitted parameters, the ﬂotation 
rate constant (k) and the ultimate copper recovery (𝑅𝑚𝑎𝑥) are shown in Figure 5.2. The data in Figure 
5.2 are in agreement with the result from the flotation trials. The flotation rate constant was reduced 
from 2.4 to 0.4 and the ultimate recovery lowered from 88 mass% to 78 mass% when the fraction of 
bentonite was raised from 0 to 20 wt.%. In the case of kaolinite, the change in the fitted parameters 
was not prominent. As the kaolinite content increased from 0 to 25 wt.%, the flotation rate constant 
changed from 2.4 to 1.6 and there was hardly any change in the ultimate recovery. The above results 
suggested that bentonite and kaolinite might influence the flotation behaviour in different ways. The 
substantial decrease in flotation rate in the presence of bentonite was responsible for the lower 
flotation recovery in Fig. 5-1(a). For kaolinite, the slight decrease in flotation rate had little influence 
on the ultimate copper recovery, which is in agreement with Fig. 5-1(b) that the copper recovery 
almost maintained the same after 10 min flotation when the kaolinite content increased from 0 to 25 
wt.%. 
 
Figure 5.2 Flotation rate constant (solid points) and the ultimate copper recovery (hollow points) by best fitting 
the experimental copper recovery data from Telfer ore: Bentonite (♦), Kaolinite (▲). 
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5.2.3 Effect of clay minerals on pulp rheology 
Figure 5.1 and Figure 5.2 demonstrate how the presence of clay minerals affected the flotation 
performance, with lower copper recovery and reduced copper grade in the concentrate. Earlier, a 
relation between clay content, pulp rheology and flotation recovery was indicated (Zhang and Peng, 
2015). Figure 5.3 shows the rheograms of the Telfer clean ore and Telfer clean ore doped with 
different clay minerals in flotation. It can be seen in Figure 5.3(a) that Telfer clean ore behaves as a 
Newtonian ﬂuid, characterized by a linear relationship between shear stress and shear rate. An 
increasing amount of bentonite caused the suspension to behave as a non-Newtonian ﬂuid with a yield 
stress. On the other hand, an increasing amount of kaolinite had little influence on pulp rheology until 
a yield stress appeared when 20% or more kaolinite was mixed with clean ore, as seen in Figure 5.3(b). 
Yet, the yield stress of the kaolinite containing suspension is much lower than that of the suspensions 
with bentonite. The experimental data were ﬁtted to the Herschel-Bulkley model: 
τ = 𝜏𝑦 + 𝐾 (?̇?)
𝑛 
where ?̇? (s-1) is the shear rate; 𝜏𝑦 (Pa) is the yield stress; 𝜏 (Pa) is the shear stress; K (Pa·s
n) is the 
consistency index and n is the flow behaviour index. 
 
         (a)                                                                                  (b)  
Figure 5.3 Rheograms of clean ore suspensions in the absence and presence of clay minerals at different 
concentrations, fitted with Herschel-Bulkley model: (a) Bentonite; (b) Kaolinite.  
Figure 5.4 shows the evolution of the yield stress of the pulp as a function of clay mineral 
concentration. As the bentonite proportion increased from 0 to 25 wt.%, the yield stress increased 
significantly, in contrast to kaolinite which hardly modified the yield stress. At 25 wt.% clay mineral 
concentration, the yield stress for bentonite doped material was 7.9 Pa, almost 20 times higher than 
that of kaolinite doped material. The presence of a yield stress is an indication of the formation of 
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structures in the suspensions. The substantially larger modification of pulp rheology in the presence 
of bentonite is likely related to the ability to form high viscosity suspensions and gels at higher 
concentrations (Luckham and Rossi, 1999). 
 
Figure 5.4 Herschel-Bulkley yield stress as a function of clay mineral concentration. 
Figure 5.5 shows the apparent viscosity of Telfer clean ore pulp as a function of the clay mineral 
concentration at a shear rate of 100 s-1 chosen as the average shear rate value in a ﬂotation cell (Ralston 
et al., 2007). Comparison of Figure 5.4 and Figure 5.5 reveals that increasing the clay content leads 
to similar trends in both the Herschel-Bulkley yield stress and apparent viscosity. Generally, the 
apparent viscosity increased with the increase of clay mineral concentration, and under the same 
concentration, bentonite had a more prominent influence on pulp viscosity, which was consistent with 
the previous studies (Cruz et al., 2013; Zhang and Peng, 2015).  
 
Figure 5.5 Apparent viscosity as a function of clay mineral concentration in Telfer clean ore at a shear rate of 
100 s-1. 
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For bentonite, both the aggregate structure and swelling property contributed to the dramatically 
elevated apparent viscosity. Bentonite with the 2:1 structure is more reactive than kaolinite with the 
1:1 structure. The larger interlayer distance of bentonite makes it easier for water molecules to 
penetrate between platelets, resulting in intercrystalline and osmotic swelling of bentonite, which 
facilitate strong interaction and formation of aggregate structures (Lagaly and Ziesmer, 2003; 
Luckham and Rossi, 1999). In the flotation process, the high pulp viscosity inhibited the collision 
between bubbles and particles, which further reduced the amount of froth generated, resulting in a 
lower copper recovery. This is in agreement with Zhang and Peng’s (2015) study, where a relationship 
between copper recovery and the apparent viscosity was established. In this study, the relationship is 
more obvious for the first concentrate. The higher the apparent viscosity, the lower the copper 
recovery in the first concentrate.  
With regard to kaolinite, the general trends indicated that, in contrast to bentonite, increasing the 
kaolinite content had little influence on pulp viscosity and hence on copper recovery. However, it 
was found that the increase of kaolinite proportion correlated with a decrease of copper grade (Figure 
5.1 (b)), which means that a portion of the kaolinite was recovered in the concentrate. Since the 
rheological measurements revealed that there was a negligible change of pulp viscosity in the 
presence of kaolinite, this indicates that most kaolinite particles are dispersed as the other solids in 
clean ore. During the flotation process, fine kaolinite particles at low concentration are easily 
suspended in the water and on the water film surrounding the bubbles, and hence they have more 
chances to transfer from the pulp phase to froth phase and then to be collected in the concentrate, 
resulting in a lower copper grade. At a higher kaolinite concentration, although it has been found that 
both basal and edge faces of kaolinite are negatively charged in the solution at pH 9 (Gupta and Miller, 
2010), the increasing particle concentration could reduce the mobility of particles and force kaolinite 
to adapt E-E association because of the strong repulsion between the facial platelets (Du et al., 2010). 
Further increasing the kaolinite concentration also increases the opportunity for interaction between 
the different complex structures (Gupta et al., 2011). These network structures usually have low 
density, which could also move upwards into froth and consequently further reduce the copper grade. 
5.2.4 Effect of clay minerals on froth performance 
During the flotation process, the presence of clay minerals also influenced the froth performance. 
Froth structure and stability play critical roles in determining mineral flotation recovery and 
selectivity (Barbian et al., 2005; Cutting, 1989). In Figure 5.6(a0) to (a5), the volume of froth 
decreases when bentonite content in Telfer clean ore was increased from 0 to 25 wt.%, which was in 
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consistence with the flotation results in Figure 5.1(a) that with the increase of bentonite, the flotation 
recovery of the first concentrate decreased sharply. In the case of kaolinite, upon increasing the 
kaolinite content from 0 to 25 wt.%, the volume of froth seemed unchanged (Figure  5.6(b0) to (b5)), 
which also agreed with the flotation results in Figure 5.2 that the final copper recovery was unchanged.  
Meanwhile, the froth structure became completely different with the increase of clay mineral 
concentration. Generally, with the increase of clay mineral content, the number of large bubbles 
declined, resulting in the increasing number of medium bubble in the case of bentonite. The bubble 
size decreased sharply in Figure 5.6(b5) when kaolinite content was increased to 25 wt.%, with only 
smaller bubbles appeared on the top of froth. These smaller bubbles might relate to the decrease of 
copper grade in Figure 5.1(b), as it has been considered by some researchers that a close relationship 
exists between bubble size and flotation performance. Froth structure with small, spherical bubbles 
normally represents low valuable mineral content in the froth (Moolman et al., 1995a; Wang and 
Peng, 2013).  
The decrease in bubble size was also related to the increase of gas residence time which is an indicator 
of froth stability (Quinn et al., 2007). Therefore, froth stability in the flotation of Telfer clean ore in 
the presence of the two clay minerals was also studied. A less amount of bubbles generated and the 
bubbles ruptured more frequently with increasing bentonite concentration in Figure 5.6(a), indicating 
the decrease of froth stability. The decrease in froth stability rendered it difficult to transport 
considerable amount of mineral particles over the weir of ﬂotation cell to the concentrate launder, 
which is also responsible for the decrease of copper recovery in the presence of bentonite. In Figure 
5.7 the froth stability increased when kaolinite content was increased. Both high froth stability and 
smaller bubble size are typical characteristics of entrainment (Liu and Peng, 2014; Subrahmanyam 
and Forssberg, 1988; Wang and Peng, 2013; Wang et al., 2015a). Therefore, the decrease of copper 
grade with the increase of kaolinite proportion is also likely to be due to mechanical entrainment by 
which kaolinite minerals suspended in water due to their fine size, move upwards, enter the ﬂotation 
froth and ﬁnally leave with the concentrate. 
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Figure 5.6 Froth image of the first concentrate in the flotation of Telfer clean ore in the absence and presence of 
clay minerals at different concentrations: (a0)-(a5), addition of different bentonite proportions; (b0)-(b5), 
addition of different kaolinite proportions. 
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Figure 5.7 Froth stability as a function of clay mineral concentration during the flotation process. 
5.2.5 Effect of collector and frother dosages on copper flotation  
It is generally believed that the presence of clay minerals would cause reagent consumption in 
flotation because of the fine size and adsorbing capacities of clay particles. In commercial operation,  
the control of reagent additions is also an important aspect of the ﬂotation strategy (Bulatovic, 2007). 
Therefore, to evaluate the effect of reagent additions on the flotation of clay ores, flotation tests were 
also performed with the reagent dosage increasing to 60 g/t collector and 30 g/t frother. 90 g/t collector 
had also been tested and similar results were obtained as 60 g/t or 30 g/t collector. Thus, collector 
with 60 g/t was not overdosed. The effects of reagent dosages on copper recovery and copper grade 
of the first concentrate, as well as the mass/water recovery in presence of various amounts of bentonite 
and kaolinite are shown from Figure 5.8 to Figure 5.11.  
As illustrated in Figure 5.8(a), with the reagent dosage increasing from 30 g/t collector and 15 g/t 
frother to 60 g/t collector and 30 g/t frother, the change in the copper recovery of the first concentrate 
was not prominent in the presence of bentonite, while the copper grade of the first concentrate was 
significantly depressed, from 5.0 % to 2.1 % in Figure 5.8(b). Figure 5.9 shows the mass recovery as 
a function of water recovery in presence of bentonite with different reagent dosages. As can be seen 
in Figure 5.9(a), at the lower reagent dosage, the mass recovery and water recovery were relatively 
low. With the increase of bentonite concentration from 0 to 20 wt.%, the mass recovery increased 
from 7.2 % to 8.7 %, and the water recovery was between 10.0% and 15.5%. Within the same 
bentonite concentration range, when the reagent dosage was doubled, the mass recovery and water 
recovery were increased significantly, with mass recovery increasing from 8.5 % to 17.5 %, and water 
recovery increasing from 23.5% to 28 %.  It is known that entrainment is a strong function of water 
recovery. Therefore, the increased water recovery in Figure 5.9(b) should be responsible for the 
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higher mass recovery in the presence of different bentonite concentrations at a higher reagent dosage, 
which is correlated with the decreased copper grade of first concentrate in Figure 5.8(b).   
 
              (a)                                                                                 (b) 
Figure 5.8 Effect of reagent dosage on copper recovery (a) and copper grade (b) of the first concentrate in the 
presence of different bentonite concentrations. 
 
           (a)                                                                                 (b) 
Figure 5.9 Cumulative mass recovery as a function of water recovery in the ﬂotation of clean ore in the presence 
of different bentonite concentrations: (a) 30 g/t collector, 15 g/t frother; (b) 60 g/t collector, 30 g/t frother. 
For kaolinite, with the increase of reagent dosage, the copper recovery of the first concentrate was 
generally not affected in Figure 5.10(a), while the copper grade increased slightly at high kaolinite 
concentration in Figure 5.10(b). However, the mass recovery was significantly decreased at the higher 
reagent dosage in Figure 5.11, which was just the opposite from that of bentonite in Figure 5.9. In 
Figure 5.11(a), at the reagent dosage of 30 g/t collector and 15 g/t frother, the mass recovery increased 
from 7 % to 12.8 % with the kaolinite content increasing from 0 to 25 wt.%, while the mass recovery 
only increased to 9.8 % in Figure 5.11(b) with the addition of 60 g/t collector and 30 g/t frother. 
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Obviously, the slight increase in copper grade of the first concentrate in Figure 5.10(b) was due to 
the reduction of mass recovery in Figure 5.11(b).  
 
           (a)                                                                               (b) 
Figure 5.10 Effect of reagent dosage on copper recovery (a) and copper grade (b) of the first concentrate in the 
presence of different kaolinite concentrations. 
 
          (a)                                                                                 (b) 
Figure 5.11 . Cumulative mass recovery as a function of water recovery in the ﬂotation of clean ore in the 
presence of different kaolinite concentrations: (a) 30 g/t collector, 15 g/t frother; (b) 60 g/t collector, 30 g/t 
frother. 
Hence, the reagent scheme affects copper flotation differently in the presence of bentonite and 
kaolinite. The presence of bentonite mainly decreased the copper recovery with little influence on 
copper grade at the lower reagent dosage, while both copper recovery and copper grade was reduced 
at the higher reagent dosage. On the other hand, the presence of kaolinite decreased the copper grade 
more prominently at the lower reagent dosage compared with that at a higher dosage, with negligible 
change on copper recovery. This suggests that using chemical additives may be able to mitigate some 
of the negative effects of clay minerals in copper flotation.  
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5.3 Conclusion 
This chapter confirmed that the presence of bentonite and kaolinite exacerbated the copper flotation 
differently, due to their unique structures.  
Firstly, it has been identified that an increase in bentonite content in flotation reduced the copper 
recovery by high slurry viscosity due to the hydration property of bentonite and the formation of 
aggregate structure. Furthermore, it was found in detail that the high pulp viscosity in the presence of 
bentonite reduced the amount of froth and slowed down flotation rate, resulting in the lower copper 
recovery. It is also possible that bentonite particles coated the copper surface due to high surface 
activity and then prevented collector from reacting with the copper surface. However, regardless the 
less amount of froth or bentonite coating, the high viscosity of bentonite is mainly responsible for the 
decreased Cu recovery. 
 The increase in kaolinite proportion reduced the copper grade owing to the severe entrainment 
characterized by smaller bubble size and higher froth stability. Due to the fine size of kaolinite and 
the low-density aggregate structure, kaolinite particles moved upwards to the froth layer reducing 
copper grade. The addition of kaolinite had little effect on slurry viscosity, and thus the amount of 
froth and copper recovery was not affected.  
The collector and frother dosage plays an important role in specifying the different effect of bentonite 
and kaolinite on copper flotation performance. At a lower reagent dosage, the presence of bentonite 
mainly decreased the copper recovery with little influence on copper grade, while the presence of 
kaolinite decreased the copper grade more prominently. At a higher reagent dosage, both copper 
recovery and copper grade in the presence of bentonite were decreased, whereas the decrease of 
copper grade in the presence of kaolinite was less influenced.  
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Chapter 6  Mitigating the deleterious effect of 
kaolinite on copper flotation 
 
6.1 Introduction 
In Chapter 5, it was found that the copper grade gradually decreased with increasing the kaolinite 
content. By using Cryo-SEM, Zhang et al. (2015b) identified that the entrainment of kaolinite in 
copper-gold flotation was due to the formation of loose kaolinite aggregates by edge-to-edge (E-E) 
associations in the pulp phase. Moreover, these aggregate structures were easily transported from 
pulp to froth phase owing to their low densities, which was also observed by Cruz et al. (2015). 
Obviously, the formation of kaolinite association structures imposes a detrimental effect on flotation 
grade.  
Chapter 5 also indicated the potential of using chemical additives to mitigate the negative effects of 
clay minerals on copper flotation. In the literature review in Chapter 2, polymeric dispersants have 
been used to reduce the negative impact of clay minerals in the flotation. For instance, at Newcrest’s 
Telfer Operation, three polymers, Polyacrylate A, modified carboxylic acid and lignosulfonate-based 
F-100 biopolymer, were tested in the laboratory to mitigate the negative effects of clay minerals on 
copper-gold flotation. It was found that all three polymers showed positive results, with biopolymer 
F-100 producing the greatest improvement in copper recovery and grade (Seaman et al., 2012). Wei 
et al. (2013) further studied the effect of F-100 on the ﬂotation of low and high clay ores obtained 
from Telfer. They found that the addition of F-100 in the ﬂotation of the high clay ore improved the 
ﬂotation recovery signiﬁcantly with a decrease in pulp viscosity. However, it is still not clear how 
these chemicals improve the flotation by mitigating the deleterious effect of clay minerals. Therefore, 
three lignosulfonate-based biopolymers with different structures supplied by Pionera were chosen to 
mitigate the deleterious effect of clay minerals in this project and to understand the underpinning 
mechanism. 
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In this chapter, three biopolymers with different compositions, DP-1775, DP-1777 and DP-1778, 
were examined as kaolinite dispersants in the flotation of a copper-gold ore. It is expected that these 
biopolymers disperse kaolinite aggregates, and thus reduce the entrainment of kaolinite in flotation.  
6.2 Results  
6.2.1 Effect of biopolymers on the rheology of kaolinite suspensions 
The rheograms of 30 wt.% kaolinite suspensions in the absence and presence of biopolymers are 
shown in Figure 6.1. The experimental data in Figure 6.1 (a), (b) and (c) with the addition of DP-
1775, DP-1777 and DP-1778, respectively, were best ﬁtted to the Herschel-Bulkley model: 
τ = 𝜏𝑦 + 𝐾 (?̇?)
𝑛 
where ?̇? (s-1) is the shear rate; 𝜏𝑦 (Pa) is the yield stress; 𝜏 (Pa) is the shear stress; K (Pa·s
n) is the 
consistency index and n is the flow behaviour index. Figure 6.1 (d) shows the Herschel-Bulkley yield 
stress in the absence and presence of DP-1775, DP-1777 or DP-1778. As can be seen, 30 wt.% 
kaolinite suspension in the absence of any biopolymer behaved as a non-Newtonian ﬂuid with a yield 
stress. The presence of yield stress often indicates the formation of aggregate structures in a 
suspension (Ndlovu et al., 2011a). Although it has been found that both basal and edge faces of 
kaolinite are negatively charged at pH 9 (Gupta and Miller, 2010), a high kaolinite concentration can 
reduce the mobility of particles and force kaolinite platelets to adapt E-E association due to the strong 
repulsion between the facial platelets (Du et al., 2010).  
With increasing biopolymer dosage from 0 to 0.01 wt.%, 0.05 wt.%, 0.1 wt.% and 0.5 wt.%, the 
suspension was gradually transformed towards a Newtonian ﬂuid with a decline in the Herschel-
Bulkley yield stress. Fig. 1(d) shows that the Herschel-Bulkley yield stress decreased from 1.4 Pa to 
nearly 0 Pa when the concentration of DP-1775 and DP-1777 increased to 0.5 wt.%. DP-1778 
decreased the Herschel-Bulkley yield stress to 0.6 Pa at the same concentration. Both the transition 
towards a Newtonian fluid and the decline in the Herschel-Bulkley yield stress as the biopolymer 
concentration increased suggest a disruption of the kaolinite network structure. DP-1775 and DP-
1777 had a similar ability to reduce the yield stress, and were superior to DP-1778. This difference 
was more pronounced at a higher biopolymer concentration. Liu and Peng (2015) found that a small 
amount of lignosulfonate biopolymer D748 dispersed kaolinite particles and improved coal flotation 
in deionised water. This was ascribed to the adsorption of polymer molecules onto kaolinite and 
enhanced electrostatic repulsion through polymer anionic functional groups. In the current study, the 
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yield stress observed in kaolinite slurries in the absence of biopolymers illustrated the formation of 
kaolinite aggregates. It has been reported that in flotation slurries these aggregates promote 
mechanical entrainment of kaolinite particles (Cruz et al., 2015). Since the presence of biopolymers 
has dispersed kaolinite aggregates in this section, it is expected that the dispersing effect might lead 
to lower mechanical entrainment in flotation. This was examined in the next section. 
 
Figure 6.1 Rheograms of kaolinite suspensions with different dosages of biopolymers: (a) DP-1775; (b) DP-1777; 
(c) DP-1778; (d) Herschel-Bulkley yield stress in the absence and presence of DP-1775, DP-1777 and DP-1778. 
6.2.2 Effect of biopolymers on copper flotation 
The rheological characterisation in Figure 6.1 indicates that at 0.1 wt.% biopolymer concentration the 
kaolinite suspension was well dispersed. This concentration corresponds to a dosage of 200 g/t in 
flotation. In the flotation of kaolinite-ore mixture, 60 g/t collector with 30 g/t frother were used, which 
limited entrainment caused by kaolinite maintaining at a lower value, as indicated in Chapter 5. Figure 
6.2 shows the effect of the three biopolymers, DP-1775, DP-1777 and DP-1778, on the flotation of 
the ore consisting of 80 wt.% clean ore and 20 wt.% kaolinite. Copper recovery increased from 85% 
to 90%, 94% and 93% at the end of flotation, in the presence of DP-1777, DP-1775 and DP-1778, 
respectively. DP-1775 and DP-1778 had a better effect on copper recovery than DP-1777. The 
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presence of biopolymers also led to an increase in flotation rate, seen as the higher copper recoveries 
in the first concentrate. However, the addition of biopolymers decreased copper grade. The initial 
copper grade of the first concentrate decreased from 4.2 % to about 3.5% in the presence of any 
biopolymer. Obviously, these biopolymers promoted the recovery of gangue minerals in flotation. 
 
Figure 6.2 Copper grade as a function of copper recovery from the flotation of the ore mixed with 80 wt.% clean 
ore and 20 wt.% kaolinite in the absence and presence of 200 g/t DP-1775, DP-1777 and DP-1778. 
Figure 6.3 shows the mass recovery as a function of water recovery in the absence and presence of 
the three biopolymers. As can be seen, after the completion of 10 min ﬂotation, the mass recovery 
was relatively low, about 9 %, in the absence of any biopolymer. The addition of 200 g/t DP-1777, 
DP-1775 and DP-1778 increased the mass recovery to 10%, 10.5% and 11.5%, respectively. The 
water recovery was also increased from 21% to 22 %, 23% and 24.5%, respectively. The variations 
in mass recovery were due to different amounts of water recovered into the concentrate in the presence 
of these biopolymers. Thus, the decrease in copper grade may be largely due to the increased gangue 
recovery by entrainment with the addition of biopolymers.  
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Figure 6.3 Cumulative mass recovery as a function of water recovery in the ﬂotation of the ore mixed with 80 
wt.% clean ore and 20 wt.% kaolinite in the absence and presence of 200 g/t DP-1775, DP-1777 and DP-1778. 
Entrainment is a strong function of mass recovery and water recovery. An increase of the slope of 
curves in Figure 6.3 indicates the accelerated entrainment of gangue minerals. The degree of 
entrainment (ENT) may be calculated by the following equation (Zheng et al., 2006): 
𝐸𝑁𝑇𝑐𝑜𝑛:𝑡𝑎𝑖𝑙 =
(
𝑀𝑔𝑎𝑛𝑔𝑢𝑒
𝑀𝑤𝑎𝑡𝑒𝑟
) 𝑐𝑜𝑛
(
𝑀𝑔𝑎𝑛𝑔𝑢𝑒
𝑀𝑤𝑎𝑡𝑒𝑟
)𝑡𝑎𝑖𝑙
 
where M is the mass (g). Copper in the clean ore is present as chalcopyrite. To determine the ENT, 
the recovery of all other minerals in the concentrate was considered as entrainment. Figure 6.4 shows 
the ENT in the ﬂotation in the absence and presence of biopolymers. As can be seen, the ENT of 
0.376 was obtained in the absence of any biopolymer. This high ENT value was due to the presence 
of kaolinite particles. However, the ENT further increased to around 0.392 in the presence of 
biopolymers. There was a small variation of ENT between different biopolymers. The ENT with DP-
1775 and DP-1778 was slightly higher than that with DP-1777. 
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Figure 6.4 The degree of entrainment (ENT) in the flotation of the ore-kaolinite mixture in the absence and 
presence of 200 g/t DP-1775, DP-1777 and DP-1778. 
Obviously, the dispersion of kaolinite aggregates, seen as a reduction in yield stress by biopolymers, 
did not lower the degree of entrainment in copper flotation. Instead, an increase in entrainment was 
observed in the presence of biopolymers. During flotation, it was observed that biopolymers modified 
the froth properties. Generally, bubble size in the froth phase appeared smaller and more froth formed 
on top of the flotation cell with the addition of biopolymers. This may contribute to the increased 
copper recovery and decreased copper grade. It is known that some polymers used in flotation have 
a foaming ability that modifies the froth properties and thereby mineral flotation behaviour 
(Schreithofer et al., 2011). Attention then turned to measure the foaming ability of the biopolymers. 
6.2.3 Foamability measurements 
To understand the foamability of the three biopolymers, two phase foam height of a solution 
containing the frother with or without a single biopolymer was measured. Results are shown in Figure 
6.5. Figure 6.5(a) shows the foam height as a function of biopolymer or frother concentration. The 
foam height remained at the same level with the increase of frother or DP-1777 concentration. In 
contrast, the foam height increased continually with increasing concentration of DP-1778 or DP-1775. 
Generally, the relative foamability of these biopolymers is in the order:  
DP-1778 > DP-1775 > DP-1777.  
Figure 6.5(b) shows the foam height as a function of biopolymer concentration in the presence of 10 
ppm frother concentration similar to that used in the flotation process. Clearly, in the mixed system 
the foam height was substantially higher than that produced by either frother or biopolymer alone. 
For DP-1778 and DP-1775, the foam heights in the mixed system were even higher than the 
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summation of the foam height produced by the frother and biopolymer alone as shown in Figure 
6.5(a). For DP-1777, the foam height of the mixture was similar to that produced by frother alone. 
The results in Figure 6.5 suggest a synergistic effect of DP-1778 and DP-1775 with the frother, 
leading to an increased foam height when they were mixed.  
 
          (a)                                                                      (b) 
Figure 6.5 The steady state foam height as a function of the frother or biopolymer concentration: (a) a single 
biopolymer or forther; (b) the biopolymer mixed with 10 ppm frother. 
Measurements of dynamic surface tension were conducted to see if the biopolymer foamability can 
be related to the surface activity. Figure 6.6 shows the dynamic surface tension of 100 ppm single 
biopolymer or 10 ppm frother solution, and their mixtures. As shown in Figure 6.6 (a), in the long 
time scale (10-500 s), the frother DSF004 was a strong surfactant, with dynamic surface tension 
dramatically decreasing from 72.4 to 70.3 mN/m. The dynamic surface tension of 100 ppm DP-1777 
solution appeared to be constant at about 72.6 mN/m. The dynamic surface tension of 100 ppm DP-
1775 solution was slightly lower. The dynamic surface tension of 100 ppm DP-1778 gradually 
declined to 71.6 mN/m. Hence, the surface activity of these biopolymers is in the order: DP-1778 > 
DP-1775 > DP-1777, which is in agreement with the foam height indicated in Figure 6.5(a).  
Figure 6.6 (b) shows that the surface tension gradient of the mixture containing 10 ppm frother and 
100 ppm biopolymer is below the gradient of the 10 ppm frother solution. Specifically, the addition 
of DP-1778 to the frother solution decreased the surface tension to the lowest value, followed by the 
addition of DP-1775. The addition of 100 ppm DP-1777 to 10 ppm frother solution had little effect 
on the dynamic surface tension. Thus, dynamic surface tension measurements in Figure 6.6(b) also 
correlated with the foam height of the mixture containing frother and biopolymers in Figure 6.5(b).  
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          (a)                                                                           (b) 
Figure 6.6 Dynamic surface tension: (a) 100 ppm single biopolymer or 10 ppm frother; (b) the mixture of 10 ppm 
frother and 100 ppm biopolymer. 
6.3 Discussion 
In this study, the three biopolymers differed in their ability to disperse kaolinite suspensions and 
affect flotation performance. The reduction of yield stress of kaolinite suspensions was due to the 
dispersion effect of biopolymers. Generally, there are two principal mechanisms responsible for the 
dispersion of anionic polymers: electrical double layer repulsion and steric repulsion. At a low 
polymer concentration, the adsorption of negatively charged polymers on particle surface enhances 
the electrical double layer repulsion between particles. At a high polymer concentration, steric 
repulsion may be promoted. In this study, the biopolymers reduced the yield stress of kaolinite 
suspension to different extents at the same concentration. This is associated with their unique 
structures. DP-1775 and DP-1777, which reduced the yield stress of kaolinite suspensions similarly 
as shown in Figure 6.1, have a similar content of functional groups. They may render the faces of 
kaolinite platelets more negative and increase both electrical double layer repulsion and steric 
repulsion between polymer-adsorbed kaolinite particles in a similar way. DP-1778 has the highest 
number of functional groups and should have a greatest capability to reduce the yield stress of 
kaolinite suspensions among the three biopolymers, but Figure 6.1 shows an opposite trend. The 
discrepancy may be linked with the counterion, Ca2+, and the low molecular weight of DP-1778. The 
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presence of the divalent cation Ca2+ can reduce or neutralize the negative charge on kaolinite surface 
and lower the electrostatic repulsion. It is also known that the molecular weights of polymers 
determine their adsorption on mineral surface (Lagaly et al., 2006). DP-1778 has the lowest molecular 
weight, which may affect its adsorption on kaolinite surface and its ability to disperse kaolinite 
suspensions. The lower molecular weight also means it is less likely to extend out from mineral 
surface with weaker steric repulsion. In general, the three biopolymers showed the potential to disrupt 
kaolinite aggregates, but this did not translate into the reduction of mechanical entrainment in the 
flotation of the ore in the presence of kaolinite. Instead, higher mechanical entrainment was observed 
with the addition of these biopolymers. 
The higher mechanical entrainment in the flotation with the addition of these biopolymers may be 
related to the biopolymers’ surface activity and foaming capability. Compared to DP-1777, DP-1775 
has a higher surface activity and foamability probably due to the higher molecular weight and lower 
content of functional groups. DP-1778 has the greatest surface activity and foamability probably due 
to the presence of Ca2+ as the counterion which may significantly influence the conformation of 
biopolymer. Lummer and Plank (2012) found that the presence of Ca2+ significantly reduced the 
amount of anionic charges on lignosulfonate polymer surface due to the strong binding capability of 
calcium, which in turn increased the hydrophobicity of the polymer in solution. In this study, when 
DP-1778 or DP1775 was added into 10 ppm frother solution, the dynamic surface tension decreased 
to a lower value. This indicates that biopolymer molecules participate at the air/solution interface 
along with frother molecules increasing the density of surfactant molecules at the air/solution 
interface. Tan et al. (2005) reported the alliance of polypropylene glycols (PPG) and frother (methyl 
isobutyl carbinol, MIBC) molecules in reducing the surface activity by a synergistic interaction. The 
mixture produced closed packed molecular cohesive films at the air/solution interface, and thus 
reduced the dynamic surface tension to a lower value. This explains the increased foamablity of the 
frother solution after the addition of biopolymers observed in this study. It should be mentioned that 
particles play an important role in froth stability (Hunter et al., 2008). In this study, it was found that 
the trend of two-phase foam stability and three-phase froth stability was the same in the absence and 
presence of biopolymers. Since the solid content was same and constant, the differences of froth 
stability mainly come from the presence of different biopolymers. Therefore, it is the increased foam 
stability due to the addition of biopolymers that led to the increased entrainment in flotation. 
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6.4 Conclusion 
In this study, three lignosulfonate-based biopolymer dispersants, DP-1775, DP-1777 and DP-1778, 
were used to mitigate the deleterious effect of kaolinite entrainment in copper flotation. The 
rheological measurements indicated that the yield stress of kaolinite suspension decreased with 
increasing biopolymer addition and this is seen as a sign of disrupted kaolinite aggregates.  
However, the flotation results revealed that the three biopolymers increased the copper recovery, with 
a decline in copper grade. This was attributed to the foamability of the biopolymers. When the 
biopolymers were mixed with the frother, the foamability increased, due to an increase in surface 
activity.  
The dispersing and foaming abilities of biopolymers are governed by their structural features, i.e. the 
content of functional groups, the molecular weight and the counterion.  
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Chapter 7  Mitigating the deleterious effect of 
bentonite on copper flotation  
 
7.1 Introduction 
In Chapter 5, it was found that the presence of bentonite decreased copper flotation recovery mainly 
through the high pulp viscosity, resulting in a less amount of froth generating on the top of pulp phase. 
Settling tests and Cryo-SEM analysis revealed that it was the gelation and cross-linked network 
structures formed by bentonite that increased the pulp viscosity (Zhang et al., 2015a). The small pore 
size in the network structure made it impossible for bubbles to penetrate readily through the network 
or aggregates, leading to a small amount of froth generated in flotation that reduced copper flotation 
recovery.  
This Chapter aims to mitigate the negative effect of bentonite on copper flotation through modifying 
the network structures formed by bentonite and reducing the bentonite viscosity. Since the three 
lignosulfonate biopolymers from Pionera, DP-1775, DP-1777 and DP-1778, have been tested in 
Chapter 6 where these biopolymers were able to disperse the kaolinite aggregates with reduced 
viscosity, the three biopolymers were used to disperse bentonite aggregates firstly in this chapter in 
order to increase the copper recovery.  
A recent study found that sea water reduced the swelling capacity of bentonite and improved the 
copper and gold recoveries (Zhang et al., 2015a). The seawater in that study included Na+, K+, Mg2+, 
Ca2+, Cl- and SO4
2−. However, no further study was conducted to investigate how individual cations 
and anions modify bentonite viscosity and affect copper flotation. Therefore, different cations, Na+, 
K+, Mg2+, Ca2+, and anions, Cl- and SO4
2−, in seawater were selected in this chapter to reduce bentonite 
viscosity and improve copper flotation, to understand the underpinning mechanism. 
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7.2 Results and Discussions 
7.2.1 Biopolymers  
7.2.1.1 Effect of biopolymers on the rheology of bentonite suspensions 
Since there is a strong correlation between the pulp rheology and copper flotation in the presence of 
bentonite, rheological measurements of pure bentonite suspension were conducted firstly in the 
presence and absence of biopolymers as a function of biopolymer dosages. Figure 7.1shows the 
rheological performance of 15 wt.% bentonite with various contents of biopolymers. It can be seen 
in Figure 7.1(a), (b) and (c) that, generally, all the three biopolymers could reduce the yield stress of 
bentonite suspension to some extent at a low dosage. For example, 0.01% biopolymer imposed the 
best impact on reducing Herschel-Bulkley yield stress of bentonite, from 0.9 Pa to 0.18 Pa for DP-
1775, to 0.1 Pa for DP-1777 and to 0.17 Pa for DP-1778 as shown in Figure 7.1(d). Further increasing 
the addition of biopolymer increased the yield stress of bentonite concentrate. When the biopolymer 
dosage exceeded 1.0 %, the yield stress was 3.8 Pa for DP-1775 and 5.1 for DP-1777, even higher 
than that of pure bentonite suspension. In terms of DP-1778, the yield stress also reversed to an 
increasing trend with the biopolymer addition passing over 0.1%. For example, the yield stress was 
increased to 0.83 Pa at the dosage of 1% DP-1778, whereas, this value was still lower than the yield 
stress of bentonite suspension in the absence of DP-1778. 
This variation in yield stress suggests that depending upon the dosage, biopolymer will either disperse 
or flocculate the suspension. As discussed in Chapter 6, at a low biopolymer concentration, the 
adsorption of negatively charged biopolymers on particle surface enhances the electrical double layer 
repulsion between particles. However, at a high biopolymer concentration, flocculation was promoted 
for bentonite instead of steric repulsion. For negatively charged bentonite in the solution with nature 
pH (about 8.5), bridging is the principal mechanisms responsible for the flocculation of anionic 
biopolymers. Different from the interactions between kaolinite and biopolymers, where hydrogen 
bonding plays the dominant role, it is difficult for a large amount of biopolymer particles to penetrate 
into the layered structures of bentonite due to the gelation. A high dosage of biopolymer could further 
flocculate the bentonite aggregates into different structures, i.e. edge-edge (EE), face-face (FF) and 
edge-face (EF) associations (Zbik et al., 2008). At the same biopolymer concentration, the different 
extents of flocculation are also associated with the unique structures of different biopolymers. DP-
1775 and DP-1777 have a similar ability to increase the yield stress to a higher value at the dosage of 
1% than DP-1778, because they have higher molecular weights than DP-1778, which makes the 
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bridging process much easier. DP-1778 has the lowest molecular weight, which may limit its ability 
to flocculate bentonite suspensions at high dosages. Moreover, the presence of Ca2+ as the counterion 
in DP-1778 could compress the double layer of bentonite particles, which further reduced yield stress 
of bentonite suspensions. 
 
Figure 7.1 Rheograms of bentonite suspensions with different dosages of biopolymers: (a) DP-1775; (b) DP-1777; 
(c) DP-1778; (d) Herschel-Bulkley yield stress in the absence and presence of DP-1775, DP-1777 and DP-1778. 
7.2.1.2 Effect of biopolymers on copper flotation 
To further evaluate if the three dispersant could improve the copper flotation, flotation of clean ore 
doped with 15 wt.% bentonite in the presence of biopolymers with different dosage were conducted. 
In the flotation of bentonite-ore mixture in this chapter, 30 g/t collector with 15 g/t frother were used. 
Flotation results in Figure 7.2 indicated that DP-1775 and DP-1778 could slightly increase the copper 
recovery and grade, and DP-1777 had a negative effect on copper flotation. In Figure 7.2(a), with the 
addition of DP-1775 increasing from 0 to 15, 75 150 g/t, the copper grade in the final concentrate was 
reduced from 2.6% to 1.9%, 2.5%, 2.4%, respectively, with little difference between the final copper 
recovery. In Figure 7.2(b), the addition of 15 g/t DP-1777 had little influence on copper recovery and 
grade. Upon further increasing the dosage to 75 g/t and 150 g/t, the flotation performance was 
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deteriorated, with copper grade decreasing from 2.6% to about 1.6% despite a slight increase in 
copper recovery. Adding DP-1778 did not reduce the copper grade, but the copper recovery was not 
increased obviously (Figure 7.3(c)). In general, none of the three biopolymers acted as an effective 
dispersant in enhancing the copper flotation.   
 
(a) DP-1775 
 
(b) DP-1777 
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(c) DP-1778 
Figure 7.2 Copper grade as a function of copper recovery from the flotation of clean ore and the clay ore mixed 
with 85 wt.% clean ore and 15 wt.% bentonite in the absence and presence of different biopolymers: (a) DP-
1775; (b) DP-1777; (c) DP-1778. 
Figure 7.3 shows the rheology of the flotation pulp in the absence and presence of the three 
biopolymers. Apparently, the addition of different biopolymers had little effect on the reduction of 
pulp viscosity, which agreed with the flotation results, especially the copper recovery.  
 
(a) DP-1775 
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(b) DP-1777 
 
(c) DP-1777 
Figure 7.3 Rheograms of clay ore in the absence and presence of different biopolymers: (a) DP-1775; (b) DP-
1777; (c) DP-1778. 
The results in this section revealed that the rheological behaviour of pulp could generally indicate the 
flotation performance. Lower viscosity or yield stress may result in high flotation recovery. However, 
if the rheological difference between various pulps is not obvious, it is hard to predict flotation results. 
The high pulp viscosity that reduced the flotation recovery in this study was due to the presence of 
bentonite. Therefore, to reduce the pulp viscosity significantly, the bentonite viscosity should be 
firstly reduced substantially. Attention then switched to find an effective reagent, salt, that is able to 
reduce the bentonite viscosity obviously.  
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7.2.2 Salts 
7.2.2.1 Cations 
(1) Bentonite viscosity 
In this section rheology measurements were also firstly conducted to indicate how salts compress 
electrical double layers and reduce the bentonite viscosity at pH 9, since compressing electrical 
double layers affects the rheology of suspension. 15 wt.% bentonite was added into different salt 
water. Figure 7.4 shows the apparent viscosity of bentonite as a function of salt concentration at a 
shear rate of 100 s-1. It can be seen that the apparent viscosity of bentonite suspension decreased 
gradually from 91 to 8 mPa·s with increasing the concentration of NaCl and KCl from 0 to 0.6 mol/L, 
whereas, the apparent viscosity of bentonite suspension declined sharply when the concentration of 
CaCl2 and MgCl2 increased to 0.06 mol/L. Upon further increasing the salt concentration, the 
bentonite viscosity maintained at the same level. Under the same salt concentration, the ability of 
individual salts to reduce bentonite viscosity is in the order: CaCl2, MgCl2> KCl > NaCl.  
 
Figure 7.4 Apparent viscosity of bentonite suspension as a function of salt concentration at a shear rate of 100 s-1. 
The main component of bentonite in this study is Na-montmorillonite with a 2:1 clay structure. It is 
characterized by negatively charged basal faces (F) and pH dependent charges of the edges (E) (Theng, 
2012). In tap water, water molecules are able to penetrate into clay platelets, increasing the interlayer 
distance (Müller-Vonmoos and Løken, 1989). Fully swollen bentonite can take up to 10 times its 
weight and increase its volume by 20 times, resulting in intercrystalline and osmotic swelling (Norrish, 
1954). Meanwhile, the high content of bentonite in suspension can also associate with E-F and E-E 
structures. In the absence of any salt, diffuse electrical double layers are developed around single 
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bentonite particles and their associations, which restrict the translational and rotational motion of 
these units, resulting in the high viscosity. With the increase of salt concentrations, the thickness of 
the diffuse double layer is compressed, which increases the mobility of the particles and makes the 
network structure collapse, leading to the decrease of apparent viscosity (Lagaly and Ziesmer, 2003). 
At high salt concentrations, e.g. 0.06 mol/L for MgCl2 and CaCl2, and 0.6 mol/L for NaCl and KCl,  
the apparent viscosity of bentonite shows a sharp decline, due to the formation of F-F associations 
(Kelessidis et al., 2007). 
Figure 7.4 also shows that for monovalent metal salts, KCl had a better effect in reducing the bentonite 
viscosity than NaCl at the same concentration. This is attributed to cation exchange of K+ for Na+ that 
reduces the interlayer distance in the montmorillonite structure (Tao et al., 2010). K+ is well-known 
a weakly hydrating cation and found to inhibit swelling (Boek et al., 1995). Divalent metal salts, 
CaCl2 and MgCl2, had a more pronounced effect than monovalent metal salts, at the same 
concentration. This is not only because the higher ionic strength is able to compress the double layer 
more efficiently, but also because divalent cations are able to hold together the silicate layers and 
build up compact particles in F-F association (Brandenburg and Lagaly, 1988; Kleijn and Oster, 1982). 
0.01 mol/L MgCl2 or CaCl2 was able to decrease the bentonite viscosity significantly from 91 to 39 
or 36 mPa·s, respectively.  
(2) Flotation kinetics  
The flotation of the bentonite-ore mixture was conducted in the presence of each of the four salts. For 
each salt, three concentrations were selected according to the rheology measurements shown in Figure 
7.4. To have a better understanding of copper flotation behavior in the presence of different salts, the 
following ﬁrst-order ﬂotation model was used to describe the flotation rate and ultimate copper 
recovery: 
𝑅 = 𝑅𝑚𝑎𝑥(1 − 𝑒
−𝑘𝑡) 
where R (%) is the recovery at the cumulative time t (min); 𝑅𝑚𝑎𝑥 (%) is the ultimate copper recovery 
at inﬁnite ﬂotation time; k is the ﬂotation rate constant (min-1). The fitted parameters, the ﬂotation 
rate constant (k) and the ultimate copper recovery (𝑅𝑚𝑎𝑥), are shown in Figure 7.5 and Figure 7.6, 
respectively. Generally, both the flotation rate constant and the ultimate copper recovery increased 
with an increase in salt concentration, and at the same salt concentration, the divalent  cations were 
more effective than the monovalent cations in improving the flotation. This shows a good correlation 
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with the viscosity results in Figure 7.4. It is therefore clear that the high pulp viscosity induced by 
bentonite inhibited copper flotation, and the salts which reduce the pulp viscosity improved copper 
flotation. It is also clear that Ca2+ introduced by lime did not affect the results with other cations, Na+, 
K+ and Mg2+ in this study. 
 
Figure 7.5 Flotation rate constant by best fitting the experimental copper recovery data from bentonite-ore 
flotation in tap water and salt water. 
 
Figure 7.6 The ultimate copper recovery by best fitting the experimental copper recovery data from bentonite-
ore flotation in tap water and salt water. 
However, discrepancies between flotation tests (Figure 7.5, Figure 7.6) and rheology measurements 
(Figure 7.4) were observed. Firstly, CaCl2 and MgCl2 reduced apparent viscosity of bentonite 
suspension similarly as a function of salt concentration, but CaCl2 caused a faster flotation rate than 
MgCl2. As can be seen from Figure 7.5, with the concentration of CaCl2 increasing from 0 in tap 
water to 0.01 mol/L and then 0.06 mol/L, the flotation rate constant increased from 0.5 to 1.6 and 2.0 
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min-1, respectively. For MgCl2, the flotation rate constant increased to 1.2 and 1.7 min
-1, respectively, 
at the same salt concentration.  
Secondly, K+ was superior to Na+ in reducing the apparent viscosity of bentonite suspension at a salt 
concentration lower than 0.6 mol/L, but an opposite trend was observed in flotation. As can be seen 
from Figure 7.5 and Figure 7.6, the flotation rate constant increased gradually with the increase of 
NaCl concentration, reaching 1.5 min-1 at 0.6 mol/L NaCl. The ultimate copper recovery had the 
similar trend with flotation rate constant. KCl did not improve flotation rate from 0.06 to 0.1mol/L. 
Further increasing KCl concentration to 0.6 mol/L led to a slight increase in the flotation rate constant 
and ultimate copper recovery.  
The combination of rheology measurements and flotation tests reveals that both monovalent and 
bivalent cations affect other flotation parameters apart from reducing the pulp viscosity of bentonite 
suspension. Hancer et al. (2001) studied the effect of ions on flotation recoveries and found that the 
structure breaker KCl could be ﬂoated with collectors, whereas the structure maker NaCl could not 
be ﬂoated, because structure breaking salts provided sufficient hydrophobicity for flotation, whereas 
structure makers was hydrated to the greatest extent with no detectable contact angle. However, in 
this study, NaCl achieved higher flotation kinetics in both recovery and rate than that of KCl in the 
presence of bentonite, which was contradict with the literature. Obviously, the structure of water 
modified by ions did not play a dominant role in this system. 
To understand whether the two discrepancies between rheology measurements and flotation tests 
were associated with the presence of bentonite, flotation of clean ore in the absence of bentonite was 
conducted in the presence of individual salts at 0.1 mol/L concentration. Both flotation rate constant 
and the ultimate copper recovery are shown in Figure 7.7. It is interesting that the four salts had little 
influence on either ultimate copper recovery or flotation rate constant of the clean ore in the absence 
of bentonite. The flotation rate constant in tap water was 2.1 min-1. In comparison, by using 0.1 mol/L 
NaCl, KCl, MgCl2, and CaCl2, the flotation rate constants were 2.3, 2.1, 2.3 and 2.2 min
-1. Similarly, 
the ultimate copper recoveries were 90.1%, 90.7%, 90.4%, 91.5%, 90.5%, respectively. The slightly 
change in flotation rate constant and ultimate copper recovery was within experimental errors. It is 
therefore concluded that the two discrepancies were associated with bentonite. Bentonite may interact 
with cations, modify other flotation parameters in addition to pulp viscosity and then affect copper 
flotation behavior. 
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Figure 7.7 Flotation rate constant and the ultimate copper recovery by best fitting the experimental copper 
recovery data from clean ore flotation in tap water and 0.1mol/L salt water. 
It is known that the presence of electrolytes affects froth stability and therefore mineral flotation 
recovery (Castro and Laskowski, 2011; Wang et al., 2014). Kurniawan et al. (2011) studied the 
flotation of coal particles in MgCl2, NaCl, and NaClO3 solutions in the absence and presence of a 
strong frother, Dowfroth 250 and found that the presence of electrolytes clearly increased froth 
stability and enhanced flotation recovery. It is possible that the two discrepancies between rheology 
measurements and flotation tests observed in this study were linked with the concentration of residual 
cations after interacting with bentonite which affected the froth property. Figure 7.8 shows the froth 
image of the first concentrate when the bentonite-ore was floated in individual salt water at 0.1 mol/L 
concentrate. It can be seen that NaCl produced a better froth with more valuable mineral attached 
than KCl, while CaCl2 produced a better froth than MgCl2 at the same salt concentration. Liu and Lu 
(2006b) found that the K+ ions are tightly confined in coordination cages above surface hexagons in 
the microstructure and bind to bentonite more strongly. Zhang et al. (2015b) found that Mg2+ had a 
stronger affinity to kaolinite than Ca2+. Due to the similarity of kaolinite and bentonite, Mg2+ ions 
may interaction with bentonite more strongly than Ca2+ ions. Hence, besides reducing the viscosity 
of bentonite suspension, cations may be consumed by bentonite with residual cations affecting the 
froth property. 
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Figure 7.8 Froth image of the first concentrate in the flotation of bentonite-ore by using tap water and 0.1 mol/L 
NaCl(a), KCl(b), MgCl2(c) and CaCl2(d). 
 
7.2.2.2 Anions 
In this section, Cl- and SO4
2− as anions with different types of cations, Na+, K+, Mg2+ and Ca2+ were 
used to reduce bentonite viscosity and to improve flotation performance. The purpose of this work is 
to compare the effect of different anions and identify which is more important in modifying the 
rheology of the slurry containing bentonite. 
(1) Bentonite viscosity 
In order to compare the effects related to the anion type and concentration of salts selected, the 
apparent viscosity of bentonite suspensions at a shear rate of 100 s-1 was shown in Figure 7.9. As can 
be seen, in the presence of either chloride salts or sulphate salts, the viscosity decreases gradually as 
the salt concentration increases. Moreover, under the same salt concentration, there is little difference 
between Cl- and SO4
2− in reducing bentonite viscosity. The apparent viscosity of bentonite suspension 
decreased gradually from 91 to 8 mPa·s with increasing the concentration of Na2SO4 and K2SO4 from 
0 to 0.6 mol/L, which was similar with that of NaCl and KCl (Figure 7.9 (a)). K2SO4 also had a better 
effect in reducing the bentonite viscosity than Na2SO4 at the same concentration. There is not a large 
difference between the divalent metal salts, as seen in Figure 7.9(b). The apparent viscosity was 
slightly higher in the presence of CaSO4 with salt concentrations increasing from 0.06 mol/L to a 
higher value, possibly due to the lower solubility of CaSO4 at high concentrations. Since similar 
rheology profiles were observed with chloride and sulphate as anions, the cations played an important 
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role in modifying the bentonite slurry viscosity. Compressing double layer of bentonite more 
efficiently by cations likely explains the similar reduction in viscosity by chloride salts and sulphate 
salts with the same cations. 
  
(a)                                                                             (b) 
Figure 7.9 Apparent viscosity of bentonite suspension as a function of salt concentration at a shear rate of 100 s-1: 
(a) monovalent cation salts; (b) divalent cation salts. 
(2) Flotation kinetics 
In (a)                                                                                (b) 
Figure 7.10 and Figure 7.11, the variations in the flotation rate constants and ultimate copper 
recoveries as a function of increasing electrolyte concentration are shown, respectively. The graphs 
illustrate that flotation rate constants and ultimate copper recovery increase with the increasing salt 
concentration and similar flotation behaviours were observed with chloride and sulphate as anions. 
In other words, the abilities to improve flotation kinetics are similar for Na2SO4 and NaCl, K2SO4 
and KCl, CaCl2 and CaSO4, MgCl2 and MgSO4 at the same salt concentration. The largest flotation 
rate constants and ultimate copper recoveries were also achieved in the presence of calcium while the 
lowest in the presence of potassium.  
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(a)                                                                                (b) 
Figure 7.10 Flotation rate constant by best fitting the experimental copper recovery data from bentonite-ore 
flotation in tap water and salt water: (a) monovalent cation salts; (b) divalent cation salts. 
 
  
(a)                                                                                (b) 
Figure 7.11 The ultimate copper recovery by best fitting the experimental copper recovery data from bentonite-
ore flotation in tap water and salt water: (a) monovalent cation salts; (b) divalent cation salts. 
The above results indicate that an increase in the electrolyte concentration can improve the flotation 
kinetics in the presence of bentonite, through reducing bentonite viscosity. Although there have been 
some investigations about the impact of anions on clay behavior (Abend and Lagaly, 2000; Penner 
and Lagaly, 2001), the type of anions present in current study revealed that the identity of the anion, 
sulphate or chloride, has little eﬀect to reduce bentonite viscosity and thereby enhance flotation 
performance. In contrast, the cations play a more important role than the anions in copper flotation in 
the presence of bentonite. 
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7.3 Conclusion 
The three biopolymers, DP-1775, DP-1777 and DP-1778, were firstly tested to reduce the negative 
effect of bentonite in copper flotation. However, none of the three biopolymers could enhance the 
copper recovery effectively, because all of the three biopolymers could not significantly reduce the 
pulp viscosity in the presence of bentonite.  
Salts were then used to mitigate the deleterious effect of bentonite on copper flotation through 
significantly reducing the high pulp viscosity. It was found that with Cl- or SO4
2− being an anion, Na+, 
K+, Mg2+ and Ca2+ cations had a different effect on pulp viscosity and copper flotation. At the same 
salt concentration, divalent cations, Mg2+ and Ca2+, were more effective than monovalent cations, 
Na+ and K+, in reducing bentonite viscosity and therefore increasing copper recovery.  
Compared with cations, anions, Cl- and SO4
2− , play a less important role in reducing bentonite 
viscosity and improving copper recovery than cations. 
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Chapter 8  Major contributions and 
recommendations  
 
8.1 Introduction 
This research is based on the different issues confronting the minerals industry when processing high 
clay ores. Accordingly, the overall objective is to identify the deleterious effects of different clay 
minerals on copper flotation and develop strategies to mitigate the specific effect caused by different 
clay minerals. A comprehensive literature review was conducted to evaluate the existing knowledge 
relevant to the problems in the industry and research objectives. Based on the research gaps, research 
questions and hypotheses induced from literature review, two types of clay minerals, swelling 
bentonite and non-swelling kaolinite, were chosen to represent two typical kinds of clay minerals. 
Their effects on copper flotation were investigated from both pulp phase and froth phase, and 
corresponding solutions were proposed along with understanding the underpinning mechanisms. This 
chapter concludes the major contributions from this research and based on which recommendations 
for future work. 
8.2 Major contributions 
8.2.1 Confirming the deleterious effects of bentonite and kaolinite on copper flotation  
This thesis explains that the different effects of bentonite and kaolinite on copper flotation were due 
to their structure properties from clay science. It is documented that different mines are characterised 
by the presence of different clay minerals, and processing the high clay ores has raised different issues, 
which may confuse further investigation. In the flotation of high-clay-content coal with kaolinite and 
illite/smectite being the major clay minerals, both combustible matter recovery and ash recovery are 
increased with a higher froth stability (Wang and Peng, 2014), while both froth viscosity and 
entrainment increased significantly, with bentonite as the predominant clay mineral (Wang and Peng, 
2013). Recent studies found that bentonite not only increased the pulp viscosity significantly with a 
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lower copper recovery, but caused the higher entrainment in flotation (Zhang and Peng, 2015), while 
kaolinite mainly introduced the entrainment problem (Cruz et al., 2015).  
This study further confirmed that the presence of bentonite and kaolinite exacerbated copper flotation 
in different ways due to their unique structure properties. Specifically, increasing the proportion of 
bentonite increased the pulp viscosity significantly due to the hydration property of bentonite and the 
formation of aggregate structures. Moreover, it is the high pulp viscosity that reduced the amount of 
froth on the top of slurry and slowed down the flotation rate, resulting in the decrease in copper 
recovery. On the other hand, increasing the kaolinite content mainly decreased the copper grade by 
entrainment that is characterised by smaller bubble size and higher froth stability. Due to the fine size 
of kaolinite and the low-density aggregate structure, kaolinite particles moved upwards to the froth 
layer reducing copper grade. 
The collector and frother dosage plays an important role in specifying the different effect of bentonite 
and kaolinite on copper flotation performance. A lower reagent dosage is beneficial for deal with the 
deleterious effect of bentonite in copper flotation, and a higher reagent dosage is preferable when 
processing kaolinite efficiently.  
These findings are important in the industry, as different actions need to be taken in order to deal with 
clay ores, according to the essence of the issue. For high-kaolinite ores, increasing the concentrate 
grade is of vital importance in flotation; for high-bentonite ores, the pulp viscosity should be reduced 
firstly to improve the flotation recovery.  
8.2.2 The modification of the rheology of clay suspensions and copper flotation by 
biopolymers 
This thesis explains the role of biopolymers in copper flotation from the aspect of the modification 
of the rheology of clay suspensions. Three lignosulfonate-based biopolymers, DP-1775, DP-1777 and 
DP-1778, with different compositions were used to mitigate the negative effect of kaolinite in copper 
flotation. Rheological measurements indicated that these biopolymers dispersed the kaolinite 
aggregates, with a reduction of the yield stress to different extents at the same concentration. The 
reduction of yield stress of kaolinite suspensions was due to the dispersion effect of biopolymers. 
Biopolymers may render the faces of kaolinite platelets more negative and increase both electrical 
double layer repulsion and steric repulsion between polymer-adsorbed kaolinite particles in different 
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ways, which are associated with their unique structural features such as the content of functional 
groups, the molecular weight and the counterions.  
The three biopolymers, DP-1775, DP-1777 and DP-1778, were also examined to reduce the negative 
effect of bentonite in copper flotation. However, none of the three biopolymers acted as an effective 
dispersant in enhancing the copper flotation. Pulp rheology measurements in the presence of 
biopolymers further revealed that the pulp viscosity was not reduced significantly, which was 
responsible for flotation results. Due to the different structure property of bentonite and kaolinite, the 
biopolymers modified the network structure and viscosity of bentonite differently. This part of study 
further confirmed that it is the high viscosity caused by bentonite that deteriorates the copper recovery. 
Therefore, to mitigate the negative effect of bentonite in copper flotation effectively, the bentonite 
viscosity should be firstly reduced significantly. 
8.2.3 The modification of froth properties and copper flotation by biopolymers 
This thesis explains the role of biopolymers in copper flotation through the modification of froth 
properties. The three lignosulfonate-based biopolymer dispersants, DP-1775, DP-1777 and DP-1778 
were used to mitigate the deleterious effect of kaolinite entrainment in copper flotation. The flotation 
results revealed that the three biopolymers increased the copper recovery with a decline in copper 
grade, which was attributed to an enhanced mechanical entrainment. The higher mechanical 
entrainment in the presence of biopolymers was related to their surface activity and foaming 
capability. When the biopolymers were mixed with the frother, the foamability increased, due to an 
increase in surface activity. The reduction of dynamic surface tension indicated that biopolymer 
molecules participated at the air/solution interface along with frother molecules increasing the density 
of surfactant molecules at the air/solution interface and thereby increasing the surface activity.  
This part of study indicates that when selecting a polymeric dispersant in flotation to deal with clay 
minerals, its froth property should also be taken into consideration. 
8.2.4 The reduction of bentonite viscosity by individual salts in improving copper flotation  
This thesis explains the reduction of bentonite viscosity by individual salts in improving copper 
flotation. Generally, the improvement of copper flotation in the presence of bentonite was dependent 
on the reduction of pulp viscosity by salts. With the increase of salt concentrations, the decrease of 
apparent viscosity of bentonite was attributed to the compression of the electrical double layer, the 
reduction of which makes the network structure of bentonite collapse. Thus, cations were more 
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effective on reducing bentonite viscosity, compared with anions, Cl- and SO4
2−. Moreover, at the same 
salt concentration, divalent cations, Mg2+ and Ca2+, were more effective than monovalent cations, 
Na+ and K+, in reducing bentonite viscosity and therefore increasing copper recovery. This is not only 
because the higher ionic strength is able to compress the double layer more efficiently, but also 
because divalent cations are able to hold together the silicate layers and build up compact particles in 
FF association. These cations, Na+, K+, Mg2+ and Ca2+, also interacted with bentonite, with residual 
cations modifying the froth property in flotation. However, this modification was less significant in 
copper flotation in the presence of bentonite where pulp viscosity played a critical role. 
The results from this study may be used as a guideline to control the types of electrolytes and their 
concentrations during the bentonite-ore flotation process. 
8.3 Recommendations for future work 
Based on the investigations of this study, the following work is recommended to mitigate the 
deleterious effect of clay minerals in flotation plants. 
8.3.1 The role of collector and frother in mitigating the deleterious effect of kaolinite and 
bentonite on copper flotation 
In Chapter 5, it has been found that the reagent scheme affects copper flotation differently in the 
presence of bentonite and kaolinite. At the lower collector and frother dosage, bentonite mainly 
reduces copper recovery by high viscosity without taking into the consideration of entrainment. At 
the higher reagent dosage, both copper recovery and copper grade in the presence of bentonite was 
reduced, while the copper grade in the presence of kaolinite achieved a higher value compared with 
that at the lower reagent dosage. This also suggests that reagent dosages have the potential of 
mitigating part of the deleterious effects of bentonite and kaolinite on copper flotation. 
Thus, detailed experiments are needed to explain the mechanism responsible for different effects of 
reagent dosage on copper flotation in the presence of bentonite and kaolinite. Adsorption experiment 
is firstly recommended to examine the adsorbing capability of bentonite and kaolinite for collector 
and frother. Since it was found that increasing the bentonite content increased pulp viscosity 
significantly due to the hydration property of bentonite and the formation of network structure, the 
decrease in particle dispersion might also result in the loss of selective adsorption at higher reagent 
dosage and thereby enhanced gangue recovery by entrainment. Compared with bentonite, kaolinite 
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shows no hydration in the presence of water (Theng, 2012). Thus it is much easier for collector and 
frother adsorbing on kaolinite surface. According to Ozmak and Aktas (2006), both the adsorbed 
reagent and the residual reagent concentration should be considered to achieve a good flotation 
performance. Due to the reagent consumption by kaolinite, less sufficient reagent left in the flotation 
cell for changing the surface characteristics of particles and thereby increasing entrainment. 
Secondly, the increase of collector and frother dosage may also modify the network structure of 
kaolinite, resulting in a decrease of entrainment. On the other hand, the increase in entrainment in the 
presence of bentonite at higher reagent dosage might also relate with the modification of network 
structure by collector and frother. Thus, the role of reagent in modifying the network structure of clay 
minerals should be investigated. 
Additionally, the different role of collector and frother in copper flotation in the presence of clay 
minerals needs to be specified, respectively, which is important to identify the underpinning 
mechanism.  
8.3.2 Designing specific polymers in mitigating the deleterious effect of kaolinite and bentonite 
in flotation 
Due to the fact in this study that different clay minerals cause different issues in flotation, to deal with 
the corresponding problems, specific polymers should be designed accordingly. For kaolinite, the fine 
particle size and the formation of network structure increased the entrainment in flotation. Therefore, 
either polymeric flocculants to increase the size of particles in a compacted stack, like FF association, 
or polymeric dispersants to disperse the low-density network structure is desirable to reduce the 
entrainment. For bentonite, more effective polymers are needed to reduce the bentonite viscosity 
significantly. The presence of Ca2+ as the counterion seems to be beneficial for compressing the 
double layer of bentonite particles and thus reducing the viscosity.  
Chapter 6 also indicated that the higher froth stability increased mechanical entrainment in copper 
flotation in the presence of kaolinite, due to the foaming property of biopolymers. The foaming 
abilities of biopolymers were governed by their structural features. Hence, it is better to design and 
synthesize polymers with no influence on froth stability by controlling the molecular weight, 
functional groups, as well as the counterions.  
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8.3.3 Three-phase froth performance 
In Chapter 6, it was found that when the biopolymers were mixed with the frother, the foamability 
increased. The two-phase foamability would be more prominent in three-phase froth flotation, 
resulting in a decrease of copper grade. In literature, there have been investigations about the effect 
of additives on the modification of two-phase foam performance. However, the interaction between 
the additives and solid particles in froth phase has not been studied systematically. The modification 
of froth phase would result in a completely different flotation result. Thus, it is ultimate imperative 
to control three-phase froth performance when adding polymer, salts or other additives that are 
surface active to improve flotation, if the pulp phase has been improved properly.  
To investigate three-phase froth performance professionally, relative instruments should be designed 
to accurately identify and reflect the slight difference happening in flotation cell that may affect 
flotation grade significantly. Although, there have been some facilities to record the froth stability, 
like froth column, in-situ camera with VisioFroth software, few effective instruments are available to 
determine the froth viscosity accurately. Currently, there have been some models on froth property. 
However, more accurate and practical models about froth viscosity are still needed to be developed. 
It is better to design and set up the relative equipment based on the modelling results. 
8.3.4 Cation exchange of bentonite in electrolytes solution affecting the flotation 
In Chapter 7, cations not only reduced bentonite viscosity but interacted with bentonite with residual 
cations modifying the froth property. The residual cations concentration in the solution was also 
analyzed after bentonite solving in 0.1 mol/L NaCl, KCl, MgCl2 and CaCl2, respectively. The result 
indicated that after bentonite solved in 0.1 mol/L KCl solution, about 3000 ppm Ca2+ was released 
into the solution, and using MgCl2 could exchange as high as 2000 ppm of K
+. By contrast, the 
residual cations concentration was very low after bentonite was solved in 0.1 mol/L NaCl. The 
concentration of any residual cation was negligible after bentonite was solved in 0.1 mol/L CaCl2. 
The results were correlated with the froth performance very well in Figure 7.8, where NaCl produced 
a better froth with more valuable mineral attached than that of KCl due to the presence of huge amount 
of residual cations Ca2+ in KCl solution, and using CaCl2 produced a better froth with compact and 
clear bubbles than MgCl2 because of the high concentrated K
+ releasing from bentonite by using 
MgCl2. It is known that concentrated electrolytes generate fine bubbles and inhibit bubble 
coalescence, which could promote gangue mineral entrainment by higher froth stability (Castro and 
Laskowski, 2011; Castro et al., 2013; Laskowski et al., 2014; Wang et al., 2014). The presence of 
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Ca2+ in alkaline solution could also cause slime coating of the precipitations of Ca(OH)+ and Ca(OH)2 
on either valuable minerals or clay minerals, leading to the decrease of flotation recovery (Fuerstenau 
and Palmer, 1976; Ramos et al., 2013).  
There have been some studies about the preference of bentonite for Ca2+, Mg2+and K+ over Na+, and 
for Ca2+ over Mg2+ (Di Maio, 1996; Fletcher et al., 1984). However, currently no investigation is able 
to explain the preference difference of bentonite for K+ and Ca2+, Mg2+and K+ in this research. The 
concentration of residual cations is dependent on cation exchange capability of bentonite in different 
salt solution. In clay science, cation exchange is an important factor inﬂuencing the clay-water 
interaction and cation exchange selectivity is one of the most important properties of 2:1 
phyllosilicates. Since the equilibrium process of cation exchange depends on various factors, 
including surface charge density or surface potential of the clay mineral, the type of exchangeable 
cation, particle content, the salt concentration, as well as the ratio of the cations in the bulk solution 
(Boek et al., 1995; Boshoff et al., 2007; Tombacz et al., 1989; Yildiz and Calimli, 2002; Yilmaz and 
Marschalko, 2014), a complex system is needed to be established in order to understand the cation 
exchange process of bentonite. Corresponding equipment and methodologies should also be set up 
precisely from the perspective of clay science. 
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